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The crystal structure of the potassium-channel opener (R,S)-pinacidil(2) was determined by X-ray crystallog- 
raphy. Its N',N"-disubstituted N-cyanoguanidine fragment was found to exhibit an unusual (Z,Z)-conforma- 
tion. X-Ray and NMR data obtained with 2 are consistent with the predominance of the 4-aminopyridine species 
over an iminopyridine tautomer in the solid state and in solution. These new structural informations may help 
further comparative studies of 2 and other potassium-channel openers in elucidating structure-activity relation- 
ships. 

Introduction. - Potassium channels comprise the most diverse groups of ion channels 
so far investigated. Among those, the so-called ATP-sensitive K' channels (KATP chan- 
nels) found considerable interest, since recent studies demonstrated their particular role 
in physiological processes such as regulation of insulin secretion from pancreatic p-cells 
[ 11 and cell-protective response to anoxic conditions [24].  K,,, channels were identified 
in various tissues such as the cardiac muscle [ 5 ] ,  pancreatic p-cells [6], skeletal muscle [7], 
smooth muscle [8], and central neurons [9]. 

Over the past few years, the number of chemical agents with K' channel opening 
properties has greatly expanded [lo] [l 11. They can be used as powerful therapeutic agents 
for multiple indications [ 1 I] [ 121. They are separated into distinct chemical classes, 
typically exemplified by cromakalim (1 ; benzopyran), pinacidil (2; alkyl-cyano-pyridyl- 
guanidine), diazoxide (3; benzothiadiazine), nicorandil(4; pyndyl-substituted nitro com- 
pound), minoxidil sulfate (5; pyrimidine derivative), and RP 49356 (6; pyridyl-substi- 
tuted thioformamide) [ lo]. 

All these compounds act as hypotensors as a result of their K' channel opening 
properties on vascular smooth muscles [ 101 [ 121. Although the K,,, channel has generally 
been suggested to be the target of these different compounds, the unique implication of 
this particular K+ channel type in their vasorelaxant activity still remains controversial in 
some instances [12-141. Moreover, since the potency of the different compounds 
may vary considerably with tissue localization of the K,,, channels, a heterogeneous 
population of channels was suggested [12] [15]. For the three best studied K+-channel 
openers, the rank order of potency for vascular smooth muscle relaxation was found to be 
cromakalim (1) > pinacidil (2) > diazoxide (3) [16] [17], whereas for their activity on 
insulin-secreting cells, the order was 3 > 2 > 1 [18-201. Since 3 acts as the more efficient 
activator of the pancreatic KATp channel [ 181, this channel appears to be distinct from the 
other putative K,,, channels so far investigated. (R,S)-Pinacidil(2) was recently reported 
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to exert a similar pharmacological profile on insulin-secreting cells, but at higher doses 
than those required for vasorelaxant effect [19]. Recent studies also suggested that 3 and 
2 could exert their activity on the K,,, channel after interaction with a common binding 
site on the pancreatic /3-cells [21] [22]. 

Structure-activity relationships of K+-channel openers showed that, in the benzo- 
pyran series (see l), the benzo moiety bearing an electron-withdrawing group (typically 
CN) at C(6) can be replaced with a pyrido moiety (N in the 6-position, see 1) without loss 
of biological activity [ 101 [23]. Moreover, cromakalim analogs bearing an electron-with- 
drawing substituent at C(7) in place of C(6) retain hypotensive activity [23]. Substitution 
in the 8- and 5-positions is less favourable [23]. In the alkyl-cyano-pyridylguanidine series 
(see 2), the pyrid-4-yl substituent can be replaced with a pyrid-3-yl or with a 4-cyano- 
phenyl moiety with retention of biological activity [ 101. For benzothiadiazine derivatives 
(see 3), an electron-withdrawing group (typically C1, Br, CF,) at C(6) and/or C(7) enhance 
hypotensive activity [lo] [24]. The 5- and 8-positions are less favourable [24]. 

In summary, these three classes of compounds, which seem to be structurally differ- 
ent, have an aromatic ring in common on which the critical positions for an electron-with- 
drawing substituent (or N-atom of the pyridine isostere) are topologically superimpos- 
able. Assuming that the pyridine ring might be nearly coplanar with the guanidine 
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moiety, 2 could be regarded as a fairly good structural analog of 3. A better comparison 
could be made with 3-alkylamino derivatives 7 of diazoxide which are known to be potent 
antihypertensive agents themselves [25]. 

The actual informations in the literature related to the geometry of pinacidil (2) are 
clearly insufficient. Therefore, the aim of the present work is to reveal unknown aspects in 
this field. Such information may help further investigations on structural comparisons 
between different potassium-channel openers and highlight some common pharmacolog- 
ical properties. 

Results and Discussion. - Crystallographic Results Obtained with (R,S) -Pinacidil (2) .  
Fig. I shows a thermal-ellipsoid stereoscopic ORTEP plot of (RS)-pinacidil (2) and the 
atomic numbering [26]. A stereoscopic PLUTO [27] view of the unit cell is represented 
in Fig. 2. 

Fig. 1. ORTEP stereoscopic oiew of pinacidil(2) in the crystal. Arbitrary numbering. 
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Fig. 2. PLUTO stereoscopic view ojpinaridil(2) along the a u.\-i.s 

The individual bond lengths and angles (Table I )  do not differ significantly from the 
expected values. The pyridine ring is planar within experimental error. Some charac- 
teristic dihedral angles are given in Table 2. There are several intermolecular H- 
bonds involving 0(1) (H,O) and N-atoms of pinacidil (Table I ) .  The A-H. . . B  asso- 
ciated angles are: 0(1)-H(102). . .N(l), 160(3)”; N(?)-H(7’9. . .0(1), 170(3)”; 
N(lY)-H(l2). . .N(ll) ,  166(3)”. The geometry of 0(1)-H(101). . .N(119 is far from 
linear (1 14(3)O), and the distance N(l lq-H(l01) (2.51(2) A) is only slightly below the sum 
of their van-der- Wads radii ( > 2.6 A [28] [29]). Thus, the existence of a H-bond between 
O( 1) and N( 1 1) is questionable. 

Chemical-Structure Considerations of N-Cyano- N’-pyridylguanidines. N’,N“-Disub- 
stituted N-cyanoguanidines may exhibit different tautomeric forms (see A-C, Scheme I ) .  
The predominance of the cyanoimino tautomer B was established by many physico- 
chemical studies on cyanoguanidines [30] [31]. This predominance was also found in the 
crystal structure of pinacidil(2): The shortest C-N bond in the guanidine group carries 
the C-N group (C(8)-N(7), 1.373 A; C(8)-N(9), 1.316 A; C(8)-N(12), 1.329 A). In 
most of the 25 guanidines retrieved from the Cambridge Crystallographic Data File, there 
are no significant differences between the three C-N distances; in crystals, the C-N 
bonds are widely delocalized. E.g., in (DJdicyanodiamide ( = (DJcyanoguanidine) [32], 
the values of the three C-N distances are 1.328, 1.329, and 1.330(2) A. The guanidine 
moiety has a planar geometry in most of these examples. 

Due to restricted rotation about their C-N bonds, eight different conformations may 
theoretically be adopted by N’,N”-disubstituted N-cyanoguanidines (see D-K, R’ # R2, 
Scheme 2). Among them, D and I should be energetically the most favourable, from the 
point of view of the steric interactions between the substituents and the C-N group. 
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Table 1. Distances [A] and Bond Angles I"] of Pinacidil(2) with e.s.d. s 

1315 

C(2)-N(1) 1.335 (4) N( 1 1)-C( 10) 1.151 (3) 
C(WN(1) 1.333 (4) C( 13)-N( 12) 1.456 (3) 
C(3)-C(2) 1.358 (4) C(14)-C(13) 1.517 (5) 
C(4)-C(3) 1.388 (4) C( 15)-C( 13) 1.545 (4) 
C(5)-C(4) 1.391 (4) C(16)-C(15) 1.534 (5) 
N(7)-C(4) 1.395 (3) C( 17)-C( 15) 1.537 (5) 
C(6)-C(5) 1.387 (4) C(18)-C(15) 1.526 (5) 
C@-N(7) 1.373 (3) O(1 )-NU) 2.697 (4)") 
W - C ( 8 )  1.316 (3) 0(1)-N(1 l')b) 3.044 (4)a) 
N( 12)-C(8) 1.329 (3) O( 1)-N(7tL)b) 2.737 (4)L) 
C( 10)-N(9) 1.316(3) N(l 1)-N(12"')b) 3.107 (4)a) 

C(6)-N( 1)-C(2) 116.6 (3) C( 13)-N( 12)-C(8) 125.3 (2) 
C(3)-C(2)-N( 1) 124.0 (3) C(14)-C(13)-N( 12) 108.2 (2) 
C(4)-C(3)-C(2) 119.3 (3) C( 15)-C( 13)-N( 12) 111.6(2) 
C(5)-C(4)-C(3) 118.3 (2) C(15)-C(13)-C(14) 115.2 (2) 
N(7)-C(4)-C(3) 118.4 (2) C(16)-C(15)-C(13) 108.5 (3) 
N(7)-C(4)-C(5) 123.2 (2) C( 17)-C( 15)-C( 13) 108.4 (3) 
C(6)-C(5)-C(4) 117.6 (3) C( 17)-C( 15)-C( 16) 108.8 (3) 
C(5)-C(6)-N( 1) 124.3 (3) C( 18)-C( 1 5)-C( 13) 11 1.5 (3) 
C(8)-N(7)-C(4) 126.9 (2) C( 18)-C( 15)-C( 16) 110.5 (3) 
N(9)-C(8)-N(7) 125.0 (2) C( 18)-C( 15)-C( 17) 109.2 (3) 

N( 12)-C(8)-N(9) 119.8 (2) N(7")-0(1)-N(l li)b) 83.9 (2)") 
C( 10)-N(9)-C(8) 120.0 (2) N(1)-O(1)-N(1 li)b) 152.1 (2)a) 
N(l l)-C(IO)-N(9) 172.5 (3) C( 10)-N( I I)-C(12iii)b) 135.3 (2)") 

") 
b, 

N( 12)-C(8)-N(7) 11 5.2 (2) N(1)-0(1)-N(7i')b) 119.9 (2)") 

These values correspond to H-bonds. 
Symmetrycode: i :  (1 -x ,  -0.5 + y ,  0.5 - z); i i :  (-x, -0.5 + y .  0.5 - z ) ;  iii: (1 + x,y,z). 

Table 2. Some Dihedral Angles ["I for Pinacidil(2) with e.s.d.'s 

C(5)-C(4)-N(7)-C(8) -14.4 (3) H(N7)-N(7)-C(8)-N( 12) -25.2 (7) 
C(5)-C(4)-N(7)-H(N7) 149.6 (7) N(7)-C(8)-N(12)-H(N12) -1 2.9 (7) 
C(4)-N(7)-C(8)-N(9) -42.8 (3) N(9)-C(8)-N( 12)-C( 13) -10.2 (3) 
N(7)-C(S)-N(9)-C( 10) -1 8.2 (3) C(8)-N( 12)-C( 13)-C( 15) -1 03.9 (3) 
N(7)-C(8)-N( 12)-C( 13) 167.8 (3) N( 12)-C(13)-C( 15)-C(17) 176.0 (3) 

Scheme I 

A B c 

Seven crystal structures containing the N',W -disubstituted N-cyanoguanidine cime- 
tidine (8), a H,-receptor antagonist, show that they actually represent the (E,Z)-forms D 
[33] or I [34]. Of particular interest is the surprising (2,Z)-conformation J adopted by 
(R,S)-pinacidil (2) in the crystal (R' = pyrid-4-yl). It is known that 4-aminopyridines 
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Scheme 2 
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co-exist with an iminopyridine species (see, e.g., M in Scheme 3), and such an equilibrium 
was recently reported for cyano-(pyrid-4-yl)guanidine compounds related to 2 [35]. 
However, crystallographic and NMR data obtained with 2 are consistent with a predom- 
inance of the 4-aminopyridine species L (Scheme 3). 

In fact, ‘H-NMR signals for the aromatic protons of 2 recorded in different solvents 
(CDCI,, (D,)DMSO, (D,)DMSO/D,O 2:l  ( u / o ) )  at room temperature were found to be 
sharp absorptions with well-resolved couplings’). The (D,)DMSO/D,O solvent was cho- 
sen for the examination of 2 in a partially hydrated medium, since the low solubility of 2 
in H,O in its non-ionized form (that expected at physiological pH) does not permit the 
NMR recording in pure D,O. Interesting low-temperature NMR studies (223 K; CDCl,, 

’) The ‘H-NMR chemical shifts (6) of 2 (for numbering, see Fig.1) were determined on a Bruker-AW80 
spectrometer at room temperature. ‘H-NMR (CDCl,, TMS): 0.90 (s, Me&); 1.10 (d, Me); 3.87 (dq, 
H-C(13)); 5.40 (d, NH(12)); 7.13 (d, H-C(3), H-C(5)); 8.45 (d, H-C(2), H-C(6)). ‘H-NMR ((D,)DMSO, 
HMDS): 0.82 (s, Me,C); 1.00 (4 Me); 3.82 (dq, H-C(13)); 7.05 (d, H-C(3), H-C(5)); 7.30 (d, NH(12)); 8.25 
(d, H-C(2), H-C(6)); 9.20 (br. s, NH(7)); these data are closely related to those reported for 2 in (D,)DMSO 
(TMS) [36]. ‘H-NMR ((D6)DMSO/D20, sodium (trimethylsily1)propanoate): 0.90 (s, Me$); 1.15 (d, Me); 
3.90 (4. H-C(I3)); 7.20 (d, H-C(3), H-C(5)); 8.35 (d, H-C(2), H-C(6)). 
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(DJDMSO) conducted with N-cyano-N'-(pyrid-4-yl)guanidine analogs of 2 revealed 
new peaks located close to the initial aromatic-proton absorptions and arising from the 
co-existence in solution of two molecular species in slow exchange [35]. For 2, the 
aminopyridine species was found to be clearly predominant [35]. 

The bond length C(4)-N(7) obtained for 2 from X-ray data does not exhibit a clear 
double-bond character. The angle C(6)-N( 1)-C(2) (1 16.6(3)0) and the distances 
C(2)-N(l) and C(6)-N( 1) are those found in pyridine [37] [38]. Moreover, the difference 
map clearly shows H-atom peaks near N(7) and N(12). All these data exclude predomi- 
nance of the iminopyridine species in the solid state of 2. 

The atomic distances in the guanidine moiety of 2 show stronger electron delocaliza- 
tion between N( 12)-C(S)-N(9) than between C(4)-N(7)-C(8). Moreover, the atomic 
distances C(S)-N(12) (1.329 A) andN(12)-C(13) (1.456 A) corroborate the sp'character 
of the atom N( 12) [38]; the situation is less clear for N(7). However, the sum of the three 
bond angles around N(7) (358.3(7)") and N(12) (360.0(7)O) confirms the sp' geometry of 
these two guanidine N-atoms, with a slight distortion for N(7). Bond length and geome- 
try distortion for N(7) could result from the strong steric crowding between the CEN and 
the pyridyl groups and is probably associated with a partial delocalization of the lone- 
pair electrons of N(7) into the pyridine ring. In fact, a better coplanarity of N(7) with 
the pyridine ring rather than with the guanidine moiety is observed (compare 
C(5)-C(4)-N(7)-C(8) (-14.4") and C(4)-N(7)-C(S)-N(9) (-42.8") in Table 2) and 
could result from the preferential delocalization of the lone-pair electrons of N(7) into the 
pyridine ring. 

Experimental Part 

X-Ray Crystal Structure of N-Cymo- N-(pyridin-4-yl)-N-(l,2,2-trimethylpropyl)guanidine ( = Pinacidil: 
2). Colorless crystals were obtained by slow evaporation of a H20/MeOH soh.  at 290 K. Crystallographic data: 
C,3H,,N5.H20, Mr = 263.34, orthorhombic, space group Pbca, a = 7.2736(6), b = 14.1967(18), c = 29.2046(66) 
A, V = 3015.7(1) A3, Z = 8, D, = 1.160 g . ~ m - ~ ,  F(000) = 1136, CUKE, I = 1.5418 A, p = 5.50 cm-'. The crystal 
studied was prismatic with dimensions 0.27 x 0.53 x 0.30 mm. The intensities were collected at 290 K on a Siemens 
automatic diffractometer, with CuK, radiation and a graphite monochromator. Omax = 58" (w scan). The cell 
parameters were refined by least squares from 44 reflections in the B range 36-40", The variations of the two 
standard reflections are 8247 6 FJO80) < 8768 and 8209 < F"(0.80) < 8853. The intensities were corrected for 
Lorentz and polarization factors. Decay and absorption corrections (by semiempirical method) were also applied. 
The minimum and maximum transmission factors are 0.95 and 0.99, resp. The structure was determined by direct 
methods with SHELXS 86 [39]. All positional parameters and anisotropic thermal parameters for non H-atoms 
were refined with SHELX 76 [40] by the full-matrix least-squares method. The H-atom positions were calculated 
except for H(N7), H(N12), and H(H,O), whose positions were obtained from the difference map. A global 
isotropic thermal parameter B was refined for the H (CH; 6.4(3) A') and for the H (CH2; 11.1(3) A'). The B of H 
(H20) was fixed at 6.3 A'. Scattering factors were taken from SHELX 76 data. Final discrepancy indices R = 0.050 
for 1572 observed reflections ( I  > ~ ( 1 ) ) .  wR = 0.056 where w = l/[a2(F) + 0.023 F']. Maximum A/a = 0.02 in 
final least-squares cycle. Final difference Fourier map showed no residual greater than 0.14 e k 3 .  The lists of 
fractional atomic coordinates of cell atoms, equivalent temperature factors, structure amplitudes, and anisotropic 
thermal parameters were deposited with the Cambridge Crystallographic Data Center. 
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