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Abstract  

Four new potential agents muscarinic (allosteric modulators) were synthesized 

and studied by using the B3LYP density functional method. The optimum 

conformation and geometry structure of these compounds were determined and 

analyzed. Solvent effects were considered including a variable number (1–15) of 

explicit water molecules surrounding the compound in order to simulate the first 

hydration shell, as well as using the Tomasi’s polarized continuum model (PCM). 

A similar simultaneous analysis of the potents W84 and DUO-3O allosteric 

modulator of muscarinic receptors was also carried out. The effect of the 

hydration on the total atomic charges and several intermolecular distances of 

interest were also dis-cussed. The biological activity against acetylcholine of our 

four synthesized bispyridinium salts was determined. Relationships/tendencies 

structure–activity were established. Several general conclusions were underlined. 
 
Keywords Bispyridinium salts  W84  DUO-3O  Geometry optimization  
Hydration  DFT 
 
 
 

Introduction 
 

Allosteric modulators (AM’s) are agents that bind to a receptor and they can 
modify the efficacy or affinity of the endogenous ligand for its receptor. The FDA 
(U.S. Food and Drug Administration) has recently approved the first allosteric 
ligand (an allosteric enhancer acting on the calcium-sensing receptor) for the 
treatment of certain forms of secondary hyperparathyroidism and hypercalcemia 
[1, 2]. When the receptor is the muscarinic acetylcholine M2 (subtype of 

muscarinic receptor highly sensitive to allo-steric modulation), the effects could 
be beneficial in various disease states, for example, Alzheimer’s disease  
(muscarinic M2 receptors decrease in numbers with the progression of 

Alzheimer’s syndrome [3]) or organophos-phate poisoning.1 Alzheimer’s disease, 
the most common cause of senile dementia, is a complex neurological 
affection that affects to more than 20 million people worldwide [7]. On the 
other hand, pesticide exposure is recognized as an important environmental 

risk factor associated with cancer development [8]. 
Muscarinic receptors are glycoproteins located on the outer surface of the cell 

membrane, which contains two topographically-distinct ligand binding sites 

(Scheme 1): (1) the orthosteric site (or neurotransmitter binding site) for 

acetylcholine (ACh) and other conventional ligands, and (2) an allosteric site 

located at the entrance of the ligand binding cavity of the M2 receptor [5, 9–12]. 

This allosteric site probably represents a subdomain of the receptor’s allosteric 

binding cleft [13]. The M2 receptor probably  study of their biological activity, 

comparing with the results obtained on ACh. (3) Their possible similarities 



comparing with the results obtained on the highly flexible W84 (one of the potent 

hexa-methonium-type modulators) and on DUO-3O, DUO-3C, Scheme 2b. Thus, the 

interest to obtain accurate results in the present manuscript. (4) The solvent effects 

on several parameters, simulating the first hydration shell. Since AM’s have several 

specific sites for forming inter- and intramolecular hydrogen bonds, their 

conformers are strongly dependent on the solvent characteristics. (5) Finally, the 

structural parameters calculation in simpler compounds (Scheme 3), and their 

relations to the biological activity determined [28]. As consequence, several 

relationships and conclusions were underlined. contains more than one allosteric 

recognition sites on its extracellular face, because of bisquaternary compounds are 

very unlikely to pass cell membranes [14, 15]. 

 
 
 
1 In the therapy of the poisoning by organophosphorus compounds, such as insecticides and 
nerve agents, e.g., sarin, the competitive antagonist atropine has been applied [4]; it can take 
advantage on the allosteric modulation [5, 6]. 
 

 

As a consequence of the binding of the alloster to the receptor, the interaction 

between the ligand and the orthosteric binding site is altered [16].2 The 
orthosteric and allosteric ligand may in a mutual fashion (enhance each other’s 

binding), decrease it, or leave it unaffected, that is, cooperativity is positive, 

negative or neutral [17–19]. Appropriate AM’s can elevate the binding and the 

action of ACh in a subtype-selective fashion [20, 21]. In view of the cooperative 

nature of interactions between allosteric and orthosteric ligands, it is likely that 

AM binding would also affect the conformation of the orthosteric site [22]. 
 

AM’s have been extensively studied for biological properties, but few structural 

and energetic information obtained from theoretical calculations is available, 

and studies have not been reported using DFT methods. The starting point of the 

present study was the observation that several bispyridinium (bisbenzyl 

bispyridinium deriva-tives, so-called DUO series) compounds have shown to be 

potent AM’s of muscarinic M2 receptor [23–26]. Thus, the exploration of the 

conformational behavior of the bispyridinium compounds (4-

acylaminomethylpyridinium dimers) is of great interest. For this purpose, four 

com-pounds were prepared in the present work for the first time, Scheme 2a: two 

new urea Ia-b derivatives and two ethylcarbamates IIa- 

 

b [27]. The present study of these compounds undertakes: (1) their conformational 

and structural study. For this task, DFT methods appear more accurate  than MM 

simulations reported on AM´s. (2) 
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Scheme 1 Two possible mechanisms of action, in the orhosteric site 

and in the allosteric 

 
 

 

Materials and methods 
 

Synthesis 
 

The synthesis of dimers I were performed following the literature procedure: [27] by reaction 

of 4-ureilmethylpy-ridinium salts V with piperidine as base in the presence of an oxidant agent 

as nitrobenzene (Scheme 4). 

Melting points were determined on a Buchi 510 capillary melting point apparatus and they 

were uncorrected. Infrared (IR) spectra were recorded on a Perkin-Elmer 297. 1H NMR spectra 
were recorded on a Varian T-60 (60 MHz) and T-90 (90 MHz) spectrometer for solutions 
in deuterated dimethyl sulfoxide (DMSO-d6). Splitting patterns were designated as s, singlet; 

d, double; t, triplet; q, quartet; m, multiplet. For multiples either the centre or the range of the 
multiple were reported. Chemical shifts (d) were calculated in ppm relative to tetramethyl silane 
as internal standard; coupling constants, J, were expressed in Hertz. Centro Nacional de Química 
Organica (CSIC) performed microanalyses. Reaction progress was monitored by TLC, using silica 
gel plates (Merck 60 F254) and ethyl acetate as dissolvent. 

N,N´-diaminocarbonyl-1,2-di(1-alkyl-4-pyridinium)eth-ylenediamine dihalides I: a solution 

containing 3,4 mmol of pyridinium salt, 15 mL of absolute ethanol, 4 drops of piperidine, and 

4 drops of nitrobenzene, was heated to reflux for 4 h. After cooling, the solid was filtered 

and purified by recrystallization. 

N,N´-diaminocarbonyl-1,2-di-(1-methyl-4-pyridinium)eth-ylenediamine diiodure Ia: Yield 85%; 
mp 240–242 °C(methanol); IR (KBr) 3,420 (NH), 3,320, 3,200 (NH2), 1,670 (C=O), 1,640 



(C=N), 1,570, 1,520 (Ar) cm-1; 1HNMR (DMSO-d6) d 4.6 (s, 6H, 2CH3), 5.4–5.6 (m, 2H, 2CH), 

5.8 (s, 4H, 2NH2), 6.9–7.2 (m, 2H, 2NH), 8.2 (d, 4H, J =  6.0, pyridyl 2H-3, 2H-5), 9.1 (d, 4H, J =  6.0, 

pyridyl 2H-2, 2H-6) ppm. Anal. Calcd. for C16H22I2N6O2: C, 32.91; H, 3.77; N, 14.39; I, 43.47. 

Found C, 32.28; H, 3.98; N, 14.09; I, 43.55. 
 

 

N,N0-diaminocarbonyl-1,2-di-(1-butyl-4-pyridinium)eth-ylenediamine dibromide Ib: Yield 50%; 

mp 257–259 °C(methanol); IR (KBr) 3,460 (NH), 3,320, 3,200 (NH2), 1,680 (C=O), 1,640 

(C=N), 1,610, 1,560 (Ar) cm-1; 1HNMR (DMSO-d6) d 0.9 (t, 6H, J =  7.5, 2CH3), 1.1–1.5 (m, 4H, 

2CH2–C–C–N?), 1.8–2.1 (m, 4H, 2CH2–C–N?), 4.6 (t, 4H, J =  7.5, 2CH2–N?), 5.2–5.4 (m, 2H, 2CH), 

5.7 (s, 4H, 2NH2), 7.3–7.5 (m, 2H, 2NH), 8.2 (d, 4H, J =  5.9, pyridyl 2H-3, 2H-5), 9.2 (d, 4H, J =  5.9,  

 

pyridyl 2H-2, 2H-6) ppm. Anal. Calcd. for C22H34Br2N6O2: C, 46.01; H, 5.92; N, 14.64; Br, 

27.85. Found C, 46.14; H, 5.91; N, 14.42; Br, 27.62. 
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Scheme 2 (a) The four bispyridinium compounds studied Ia, Ib, IIa, and IIb; (b) other compounds included in the conformational and structural 

study 
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Biological assay: organ bath experiments 
 

Isolated organ technique was carried out (muscle strips of the rat gastric fundus were mounted 

in organ bath for tension recordings) [29]. Female Whistar rats weighing 150–250 g were 

used in this study. The biological response depends on the dose of agonist in the isolated 

tissue preparation. In this case, the response was graded between zero and a maximal value. 

Biological results were average values obtained in triplicate. 
 

The concentration proportion was as follows: control (acetylcholine) 1 lg/mL and compound 
(bispyridinium salt) 5 lg/mL. Concentration–response curves plot the percentage of maximal 
response (%Emax) versus the logarithm of the agonist concentration. The 50% effective dose 

(ED50, the dose yielding half the maximum effect), the pA2 (competitive antagonist) [30] or 

pD2 (agonist), were obtained. 
 
Computational methods 
 

The molecules of Scheme 2 were studied by using Density Functional methods (DFT) [31], with 

the Becke’s three-parameter exchange functional (B3) [32, 33] in combination with the 

correlational functional of Lee, Yang and Parr (LYP) [34]. DFT methods provide adequate 

compromise between the desired chemical accuracy and the heavy demands put on computer 

time and power. Moreover, they have been used satisfactory in many studies of drug design [35–

37]. The B3LYP functional was chosen because different studies have shown that the data 

obtained with this level of theory are in good agreement with those obtained by other more 

computational costly methods, and it predicts vibrational wavenumbers better than the HF and 

MP2 methods [38–43]. 

Several basis set were used starting from 6-31G** to 6-311??G(3df,pd). The 6-31G** leads to 

results that represent a compromise between accuracy and computational cost, and for 

simplicity, only the results obtained with this basis set were included in the present manuscript. 

Moreover, some of the molecules studied here are relatively big, and thus they cannot be 

computed to higher basis set than 6-31G**. All these levels appear implemented in the 

GAUSSIAN 03 program package [44]. The UNIX version with standard parameters of this package 

was running in the alpha computer of the Complutense University of Madrid. 

The optimum geometry was determined by minimizing the energy with respect to all 

geometrical parameters without imposing molecular symmetry constraints. The TIGHT 

convergence criterion was used. Calculation with Tomasi’s polarized continuum model (PCM) 

was used as implemented in Gaussian 03 by default using the integral equation formalism model, 

IEF-PCM. All the molecules were optimized in the cationic form. Molecules I, II, IV, W84, DUO-

3O and DUO-3C have two positive charges, while the remaining molecules have only one 

positive charge. Atomic charges were determined with the Natural NBO procedure [45, 46]. 

For each compound under consideration, calculations of harmonic wavenumbers were carried 

out to assess the true minimum forms. It was performed at the same level of the respective 

optimization process and by the analytic evaluation of the second derivative of the energy with 

respect to the nuclear displacement. All the optimized structures showed positive harmonic 

vibrations only (true energy minimum). Relative energies were obtained by including zero-

point vibrational energies (ZPE). For the calculation of the ZPE, the wavenumbers were retinted 

unscaled. 
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Scheme 4 General procedure of synthesis of acylaminomethylpyridinium dimers 

 

 
 

 
 
 
Results and discussion 
 

General characteristics of the allosteric modulators 
 

A common feature of the different structures of AM’s is the existence of two or three positively 

charged nitrogens. These atoms appear to play an important role in the attachment to the 

receptor [5, 23, 24, 47]. The factors contributing to the stabilization of the complex structure 

include complementarily of shape, H-bonding, and electrostatic and hydrophobic properties. 

Conformational (superposition) studies of bisammonium (hexamethonium-type) and 

bispyridinium (DUO-series) compounds have reported that the main factors affecting the 

conformation are both: the mutual electrostatic repulsion between the two charged moieties, and 

the p–p interaction between the two aromatic rings [16]. Thus, two geometrical parameters can 

be of interest: (1) the distance between the mass centres of the terminal aromatic rings, and (2) 

the distance between the two formally charged nitrogen [16]. This latter distance, d(N + …N + ) ,  

has shown to be relevant for activity, and its optimal value has been reported [23, 24] to be about 

9.7 A, Table 1. 

 
 

 
 
 
Table 1 Calculated values of 

the N + … N +  and N + … N  
intramolecular distances in Å 

 
 
 
 
 
 
 
a References [23, 24] 

 

b d Nmoiety I Nmoiety II 

 

Compound 

IV 

Ia 

+ 15 H2O 

Ib 

IIa 

IIb 

 

d(N+··N+) d(N+··N) 

9.435 - 

9.216 5.002 

9.255 5.080 

9.234 4.997 

9.253 5.052 

9.285 4.980 

 

Compound 

W-84 linear 

the most stable 

+ 10 H2O 

sandwich 

distorted sandwich 

+ 10 H2O 

 
DUO-3O 

+ 10 H2O 

DUO-3C 

Alcuronium 

 

d(N+··N+) 

9.063, 8.89a 

9.045 

9.014 

9.067, 9.09a 

8.641, 8.87a 

8.511 
 
9.497b 

9.406b 

9.546b 

9.71a 

 

d(N+··N) 

5.058 

4.187 

4.692 

5.031 

4.810 

4.759 

 
4.969 

4.981 

4.991 

 
A previous investigation revealed[48] that in AM’s only one half of the symmetrical shape is 

important for the allosteric action. Thus, it is reasonable to focus also on the distance between 

the centre of the positive charge and the nitrogen atom of the urea or carbamate 

substituent, d(N+…N),  Table 1. 

 
 

 



˚ 

˚ 

˚ 

t 2 

3 

 

 
 
 
 
Bispyridinium compounds 
 

All the pyridine-like systems are aromatic molecules classified as p deficient compounds [49] 

since the pnictogen atom (in this case nitrogen) plays the role of a very electronegative center 

compared with carbon [47]. The bispyridinium compounds under study have certain structural 

features that are common in many anticholinergic and cholinergic agents, synthesized and 

evaluated pharmaco-logically [50]. These kinds of compounds have two essential constituent 

groups: cationic head (mainly a substituted ammonium group) and a heavy moiety (carbamate, 

cyclic radicals…). A middle chain of limited length connects both groups. 

The cationic head can be attached to the negative anionic center of the muscarinic receptor. 

This cationic head has been reported to provide the electrostatic forces necessary to start its 

adsorption process to the receptor. Following, weak dipole–dipole, hydrophobic and Van der 

Waals forces can contribute to the stability of the drug– receptor complex [50]. The middle chain 

of the bispyridinium-type modulators does not appear to be critical. Mainly it serves as a dicationic 

spacer linking pharmacophoric aromatic substituents [51]. 

The geometry structure of bispyridinium compounds has not been studied by ab initio or DFT 

methods combined with high basis set. Thus, our interest in a detailed description of our 

compounds under study, with comparisons with the data reported [52] by B3LYP/6-311++G** 

on the simple molecule of pyridine-substituted a-diketone. 

 
 
Geometry optimization of our compounds in the isolated state 

General considerations. The different conformers are defined through 𝞽1 to 𝞽´ 3 torsional 

angles (Scheme 5) of the pyridine ring and the neighboring substituent. All structures possess 
C2 rotation axis through the middle of the bond between the two urea groups, which implies 

symmetry-equivalence of the two pyridine-urea fragments. Scheme 5 also shows a general 
labelling of the atoms in the pyridinium compounds under study. The C10–C16 bond length 
changes depending on the attachment substituent on C10 and C16: with –H (molecule IV, 
Scheme 6) is 1.534 A, with =  O (pyridine-substituted a-diketone molecule) is 1.54 A[52], with 
-urea (molecules Ia and Ib) is 1.547 A, and with–ethylcarbamate (molecules IIa and IIb) 
 
 
Scheme 5 Labeling of the 39 
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is 1.551 A. Long values of C10–C16, as well as of C4–C10 (C16–C17) bonds, indicate a high 

molecular flexibility. Molecule IV is not active, while IIa and IIb with longer values than Ia are 

more active than Ia. The C10–C16–C17 angle also changes slightly depending on the substituent, 

with –H is 116.1 °, with =O is 119.5 ° [52], with–urea and with–ethylcarbamate is ca. 114.9 °. 

The C4–C10–C16–C17 torsional angle between both rings remarkably changes with the 

substituent. With –H it is 179.86 ° (planar form), with =O is 126 ° [52], with–urea is 150.4–150.8 

°, and with–ethylcarbamate is 151.9– 153.0 °. Minimal substituent–substituent repulsion 

corresponds to a value of this angle of 180 °, value obtained in our case only with –H substituent. 

The maximal substituent–substituent repulsion corresponds to =O substituent. The balance 

between the high electrostatic repulsion oxygen–oxygen of the carbonyl group from one hand, 

and the conjugated oxygen–aromatic ring from another hand gives the value of this angle. 

The N23–C10–C16–N36 torsional angle is the most affected parameter with the change of 
the substituent: 63.5 ° (with –H), 120 ° [52] (with =O), 45.2–45.4 ° (with—urea), and 45.4–
46.0 ° (with –ethylcarbamate). The 𝞽´1 torsional angle also changes with the substituent: 56.9 ° with 

–H, ca. 0 ° with =O (due to conjugation with the ring), ca. 63 ° with –urea, and 62.5–61.8 ° with –
ethylcarbamate. 
 As expected the dipole moment (l) of IV is null. With two urea substituents (molecule Ia) the 
value slightly increases up to 0.88 D (in the most stable conformer). A remarkable increase is 

obtained with the lengthening of the aliphatic chain bonded to N +  (N1 or N20), such as in 
molecule Ib (5.95 D), as well as, the substitution of the two amino groups by a O–CH2–CH3 moiety, 

such as in IIa (6.05 D). 

When the negative charge on N ?  is reduced, the C2–C3 bond of the pyridine ring is lengthened as 

well as N+–C7, while N1–C2 bond is shortened. I.e., the aromaticity of the pyridine ring is 
reduced. 
 
Specific analysis of the different molecules (Scheme 2) 

Molecule III: it was selected to observe the influence of the methyl group on N1 in the pyridine 

ring structure. The molecule is planar and in the minimum the methyl groups appear in the 

staggered form, with all their hydrogens out-of-ring plane. These methyl groups produce a small 

deformation from the planar form in the angles involving N1 and C4. The deformation angle 

(tilt angle e) [53] is smaller on C4 (1.0 °) than on N1 (2.0 °). In the saddle form the values are 

very small, 0.5 ° on C4 and 0.7 ° on N1. The slightly longer C3–C4 (C4–C5) and N1–C2 (N1–

C6) bonds than on pyridine molecule [54], lead to a closening of the ipso angles of ca. 3 °. 

In pyridine the nitrogen atom has a high negative charge, consequence of its electron lone 

pair, which can bond to other molecules. It produces, by electron attraction, a deficiency of 

negative charge in the C2 and C6 neighbour ring atoms, and an enhancement of the negative 

charge on the C3, C4 and C5 atoms. In molecule III, the substitution with a methyl group produces 

[54] a noticeable decrease, ca. 0.18 e -  in the negative charge on N1, as well as on C4 (now is 

positive), while the remaining atoms are not affected. Thus, the negative charge on C10 

methyl carbon is much higher than on C7, and molecule III is less reactive than pyridine. 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 

Scheme 6 Conformers a y b of 

molecule IV with the labeling of 

the atoms 

 

(a) 27 

 

+N
20 

19 
 

I 
18 

 

17 
 

16 

 
10 

 
4 

 

3 

II 
2 

1 N+ 

 

(b) 19 

22                                                                                                        18 

I 
17 

16 
22 

5 
10 

 

5 
4 

II 
3 

6 
2 

 

+ 27 

N 20 

 
 
 
 

6 

 

N + 
1 

7 



˚ 

˚ 

 
 

 

4-Alkyl substituted pyridinium salts are stable since there is a noticeable delocalisation of 
the electrons on the ring atoms. They posses a positive quaternary nitrogen existing in a planar 

arrangement (=N+), so ligands would be able to bind at the receptor. Furthermore, substituents on 
the pyridine ring with a negative inductive effect reduce electron donation to the ring and thus 
they increase the positive charge on the nitrogen [55]. 

 

Molecule IV (Fig. 1). Although we have not synthesized this molecule, it was calculated 

theoretically as building block for our bispyridinium compounds. It is symmetric through the 

C10–C16 bond, and it shows a form a $  form b shift, Scheme 6, analogously to 4-styrylpyridine 

[56]. Form a was found to be planar, while form b is markedly twisted. The non-planarity of form 

b can be ascribed to the steric hindrance between the neighbouring ortho H substituents of the 

two cyclic rings. Therefore, form b is less stable than form a, ca. 4.4 kcal/mol. 

The form a     form b shift gives rise to an increase of about 3 ° in the angle C4–C10–C16 

(C10–C16–C17), and it is also accompanied by a small lengthening (of about 0.004 Å) in the 

C10–C16 bond. The C4–C10 (C16–C17)bond remains almost unchanged, 1.516 A, in contrast to 

the lengthening observed in 4-styrylpyridine [56]. The non-planarity of the structure in form 

b prevents the delocalization of the π system over the whole molecule. The delocalization is 

therefore confined to the pyridine ring. The quinonoid character of the pyridine ring is slightly 

decreased as compared to molecule III. 

The tilt angle decreases on N1 (1.2 °), but it increases significantly on C4 (3.0 °). The negative 

charge on N +  is decreased, ca. 0.004 e- ,  as compared to molecule III. Thus, its effect is lower on the 
adjacent atoms, the polarization on the adjacent C–H bonds is very small, and all the hydro-gens 
on the ring have almost the same positive charge. 

Molecule Ia. By rotation of the torsional angles 𝞽´1, 𝞽´2 and 𝞽´3, and their analogous 𝞽´1, 𝞽´2 
and 𝞽´3 (Scheme 5), seven main conformers were calculated, Fig. 2. In the bottom of each 
conformer, the value of the electronic +ZPE correction energies (DE) and +thermal free energies 
(DG) appear indicated. The most stable conformers appear when 𝞽3 and 𝞽3 are close to 170 °. 
The global minimum corresponding to conformer 1 is shown in bold type. In this conformer, the 
two rings appear in almost the same plane (slightly tilted) as in form a of molecule IV, Fig. 1, 
while the urea substituents are placed perpendicular on this plane and symmetrically through the 
C10–C16 bond. Both substituents are oriented in opposite side of each other to avoid their 
repulsion. Thus, the urea substituent bonded to C10 appears oriented to ring I, while that 
bonded to C16 is oriented to ring II. Both substituents also produce a significant increase of the 
tilt angle on N1 (1.7 °) and on C4 (4.2 °), as compared to molecule IV. 
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Conformer 1 appears stabilized by two strong and two weak intramolecular H-

bonds with a C10–H…O32 (C16– H…O39) angle of 109.3 ° (weak) and a C18–

H_O32 (C5–H_O3) angle of 163.6 ° (strong). Although several methods have been 

suggested for the identification of the H-bonds [57], because of the size of the 

system, in the present work the criterion according to Desiraju et al. [58, 59]. was 

followed. In conformer 1 two saddle forms were determined, corresponding to a 

rotated C27H3 group, with values of the C19–N20–C27–H torsional angle of -63.6 

° and -121.3 ° (-39.96 ° in the true minimum). In these saddle forms the value 

of s1 remains almost unchanged. 

Conformer 2 is not symmetric with a difference of ca. 40 ° between 𝞽1 and 

𝞽´1, ca. 30 ° between s2 and 𝞽´2, and ca. 10 ° between s3 and 𝞽´3. Only one weak H-

bond through O39 stabilizes this structure, as well as in conformers 3 and 5. By 
contrast, in conformers 4 and 7 the stabilization is by a H-bond between the urea 
substituents. Finally, in conformer 6 is not observed H-bonds. 

Figure 2 collects several interatomic distances of relevance. The interest of these 

data is their  

relation with the possible acceptor sites in the receptor. Electrostatic 

interactions have been found to be primarily responsible for molecular 

recognition between the allosteric binding site and the ligands. In this recognition 

[25] both positive charges seem to be as important as the terminal aromatic rings. 

Thus, the N + … N +  distance has been reported [23, 24] as the most important 

parameter, and for activity its value should be around 10 Å. For this purpose, 

Table 1 collects the calculated values of the N +  …  N +  and N + . . . N  distances in 

our synthesized molecules as well as in the most potent AM: the highly flexible 

W84 and the rigid alcuronium. For comparison purposes, the calculated values 

reported at a low level of theory using MM are included in Table 1. Our 

results are remarkably much better than the previous ones reported. 

The =O….O= distance was also included in Fig. 2 because it is between the 

most reactive atoms. Its range of values is large 4.07–6.92 Å, due to the great 

flexibility of the structure. However, it is very close: 6.54–6.64 Å in the global 

minimum of compounds I and II. 

The main effect of the urea substitution on C10 and C16 is a strongly 

withdrawing of the negative charge on these atoms, as compared to molecule IV. 

The effect on the rest of the molecule is not significant. The delocalisation of the 

positive charge on the pyridine ring is very close to that of molecule III, with a 

difference lower than 0.01 e. The differences are also low in the charge on N+. 

Both pyridine structures are similar. The reactivity of the molecule is mainly 

through the carbonyl oxygen and the amino hydrogens of the urea group 

that have the highest charges. 

Molecule Ib. On this molecule was carried out a similar conformational study 

that in Ia. The substitution of the two methyl groups by two butyl groups has not 

influence in the global minimum, Fig. 3, which has almost the same torsional 



angles that in molecule Ia. 

Molecule IIa. Analogously, the substitution of the two amino groups by two O–

CH2–CH3 groups has little influence in the torsional angles 𝞽1 to 𝞽´3 of the 

global minimum. The result is shown in Fig. 4. The coplanarity of both rings 

remains similar to Ia. The new oxygen atoms produce a small weakening in the 

intramolecular H-bonds, although it doesn’t affect to the stabilization of the 

structure. 

Molecule IIb. The substitution of the two methyl groups by two hexyl groups has 

not influence in the global mini-mum, Fig. 4, which is the same that in molecule 

IIa. The increase of the aliphatic chain length has little influence in the structure 

of the rings and in the carbamate substituent, but it produces a remarkable 

increment in the lipophility of the molecule. 

The H-bonds appear slightly weakened as compared to IIa, although the charge 

on O32 is very close to IIa. I.e., its reactivity is similar. The ethylcarbamate group 

in IIa and IIb has a slight effect in the charges on the nitrogen atoms (N23, N36). 

These atoms of the carbamate moiety withdraws negative charge on the C10 

and C16 bonded atoms, and leads to a slight reduction of the positive charge on C4 

and C17, as compared to molecule Ia. The charges on the other nitrogen and 

carbon atoms remain almost unchanged. I.e., the reactivity of these molecules is 

similar, as we have observed experimentally. 

 

Molecules A–D. For comparison purposes, a conformational analysis was also 

carried out on simpler compounds, Scheme 3. In the optimum conformation, the 

atomic charges on the N +  and =O atoms (Table 2) as well as several distances 

of interest were analysed. 

W84, DUO-3O and DUO-3C, Scheme 2b. These molecules appear today among the 

most potent  

 

 

 

 

 

AM’s. How-ever, they have been little studied structurally, and never by ab initio 

or DFT methods. For this reason, a full conformational analysis on these 

molecules was carried out [54]. In W84 only three conformers have been 

reported of interest: linear, sandwich and distorted sandwich, Table 1. 

 



 

 

 

 

Fig. 2 Stable conformers 

optimized in molecule Ia with 

the labeling of their atoms and 

with the values of the most 

important geometrical 

parameters calculated at the 

B3LYP/6-31G** level. The 

most stable one, conformer 1, 

and the second one, conformer 

2, appear plotted in two 

different views 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 

 

 

 

 

Fig. 3 Two different views of 

the most stable conformation 

optimized in molecule Ib with 

several selected geometrical 

parameters 

 
 
 
 
 
 
 
 

Fig. 4 Two different views of 

the most stable conformation 

optimized in molecules IIa and 

IIb with with several selected 

geometrical parameters 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
Table 2 Calculated values of 
the averaged atomic charge in 

the N ?  and =O atoms of interest 

 
 
 
 
The notation ‘‘N+’’ for the 

pyridinium nitrogen atom is 

normally used in the 

bibliography, but it is not 

related to its atomic charge 

value 

 

Compound N+ 

III                   -0.306 

IV                  -0.296 
Ia                   -0.298 

+ 15 H2O -0.303 

Ib                   -0.293 

IIa                  -0.297 

IIb                  -0.292 
A                    -0.307 

B                    -0.303 

C                    -0.308 

D                    -0.307 

 

=O  Compound 

- W-84 linear 

- the most stable 
-0.675 + 10 H2O 
-0.744             sandwich 

-0.675 distorted sandwich 
-0.670 + 10 H2O 
-0.670 

-0.648 DUO-3O 
-0.635 + 10 H2O 
-0.650 DUO-3C 

-0.650 

 

N+ =O 

-0.288 -0.578 

-0.289 -0.614 

-0.392 -0.622 

-0.289 -0.567 

-0.292 -0.620 

-0.286 -0.623 
 

-0.327 -0.278 

-0.327 -0.327 

-0.318 - 



 
  

 

 

In addition, we have included in the table the most stable conformer. By superposition studies, 
the distorted-sand-wich is considered as the experimental one [23, 24]. DUO-3O and DUO-3 N 
have not been studied conformationally, and the only parameter reported of interest is its 

N + … . N +  distance. 
 

 

 

 

 

 

 

 

 
Fig. 5 View of the first hydration shell in molecule Ia with 15 water 

molecules 

 

 

 

 

Simulation of the hydration: first hydration shell 
 

Water is the natural medium of all biological molecules, participating in different 

processes involving the living cell. Hydration of AM’s is of fundamental 

importance because of the biological functions of them are dependent on their 

interactions with surrounding water. This interaction takes place through both 

hydrophilic and hydrophobic sites. The water molecule is a versatile connector that 

can serve as both hydrogen bond donor and acceptor,  and contribute to the 

overall stability of the structure. Due to the high flexibility of our compounds, their 

conformers are strongly dependent on the hydration. 

Experimental studies in methyl-substituted uracil and thymine indicated that 

when more than four water molecules are attached, the photo physics properties 

of these hydrated clusters rapidly approach to those in the condensed phase 

[60]. Thus, with our simulation of the first hydration shell with 15 water 

molecules, all the physical properties in solution can be clearly described. 

To theoretically simulate the hydration effects three procedures have been 

suggested [61]. The most accurate ones is the Discrete Model (DM) by including 
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sufficient numbers of explicit water molecules [62]. Thus, it was the main model 

followed in the present paper. The methodology used in the hydration was 

previously reported in accurate investigations on nucleosides and related 

molecules [63, 64]. 

More than 200 cluster structures with water were analysed. The hydration 

reduces the number of conformers calculated in the isolated state. For simplicity, 

only the resulting cluster combination with 15 water molecules in conformer 1 of 

Ia is shown in Fig. 5. The further addition of water molecules increases the 

complexity of the hydration pattern, which is derived from an extraordinary 

variety of orientations and H-bonds displayed by the water molecules, but it does 

not produce significant interaction with molecule Ia, neither changes in their 

parameters. The main features observed in the hydration of Ia are as follows: 

 

 
 

(i) In the most stable monohydrated form, the water molecule appears H-

bonded to H23 (N23) and H36 (N36), Scheme 5, which produces a noticeable 

change in the angles involved in both urea substituents. This position of the 

water molecule remains with the successive hydration, and with 15 water 

molecules,  

Fig. 5, it corresponds to W1. 

(ii) Due to H-bonds water-water are more stable than water-Ia, the direction 

of the successive hydration is marked for this first water molecule W1. With 

more than six water molecules, the strength and number of H-bonds water-Ia 

are reduced, while H-bonds water– water are increased. In the different 

clusters, the optimum distribution of the water molecules binding to the most 

polar groups is in accordance with those found in related molecules. 

(iii) The hydration produces a small lengthening (0.01 Å) of the N–H and C=O 

bonds involved in the intermolecular H-bonds, and by contrast, the neigh-

boring N–C bonds shrank by 0.005 Å. As expected, the C–H bonds are not 

sensitive to water. 

(iv) Due to the small interactions of the water molecules with the pyridine ring, 
the hydration little affects its planarity, less than 0.5 °. A small lengthening 
(ca. 0.002 Å) and closening (ca. 0.5 °) of the ipso ring angles involving in H-

bonds are observed, as well as a small shortening of N+-C7 (0.006 A) and 

opening of C-N+-C (0.3 °) angle. 
(v) The distribution of all the water molecules along the urea substituents 

indicates that these substituents act as hydrophilic region, while the 

pyridine rings correspond to the hydrophobic region. Due to this 

distribution, a remarkable change is observed in the 𝞽1 and 𝞽´1 torsional 

angles, as well as in N23–C10–C16– N36 between both urea substituents (70.6 

° vs 45.2 °in the isolated state). The changes in the other torsional angles 
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are small: in  

𝞽2 and 𝞽´2 ca. 5 °, and in 𝞽3 and 𝞽´3 ca. 10 °. The hydration shows the high 

flexibility in the orientation of both urea substituents 

.(vi) In conformer 1 (Fig. 2) the symmetry of the molecule disappears with the 

hydration, and in the most stable cluster with 15 water molecules (Fig. 5) 

the pyridine rings are almost perpendicular. Thus, the C4–C10–C16–C17 

torsional angle between the pyridine rings changes remarkably (175.9 ° vs. 

150.4 ° of the isolated state), as well as C3–C4–C10–C16 and C10–C16–C17–

C22 (126.3 ° vs. 168.8 °). 

(vii) The water molecules appear stronger H-bonded to the oxygen atoms than 
to the amino hydrogens. Also, the oxygen atoms are involved in H-bonds 
with two water molecules, while the amino hydrogens only with one. The H-
bonds with water lead to a general enhancement of the charges, especially on 

the oxygen atoms (Table 2), and therefore, to an increase of the reactivity. 
E.g., the oxygen and nitrogen atoms show more negative charge (by 0.04 

e -  and 0.06 e- ,  respectively), whereas the amino hydrogens are more 

positive, by 0.08 e- .  

(viii)  W1 is the water molecule most H-bonded to other water molecules. Its 

three atoms participate in strong H-bonds, one of them (Hw1……Ow3) 

with the short value of 1.558 A. W2 is the water molecule that remains 

most strongly H-bonded to Ia (1.694 A). This strength produces a 
weakening of the intramolecular H-bonds with the hydration. 

(ix) The cluster obtained in the hydration of conformer 1 (Fig. 5) shows a higher 

stability than in the hydration of the other conformers. Moreover, conformer 

1 appears as the most stable by the PCM model. Thus, presumably, this cluster 

has a higher probability of interact with the receptor. Of course, a 

bispyridinium like molecule (with at least 6 conformational angles) can change 

this optimum conformation, in order to adapt its shape to the interaction site 

of a  

 receptor. But, if the orientation of the molecule in the cluster is inadequate, it 

could reduce the interaction or no interact. Thus, the importance of an 

adequate simulation of the hydration, and the correlation of the geometric 

parameters obtained with other drugs. 
 
The simulation of the first hydration shell in the AM W84 and DUO-3O was also 

carried out [54] with 10 water molecules. For simplicity, only the N + … N +  and 

N + . . . N  distances, and N+, =O charges of these molecules appear collected in 

Tables 1 and 2. A decrease in the N + … N +  distance is observed with the hydration. 

 
 
 
Biological activity: isolated organ study 
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Important groups (carbamate and quaternary ammonium) governing 

cholinergic/anticholinergic character are present in the bispyridinium salts Ia-b, 

IIa-b. Moreover, Ia and IIa salts have a 1-methylpyridinium group, which is 

ubiquitous among these agents. Thus, we studied their behaviour against 

acetylcholine using the isolated organ technique. 

According to the method of Poch et al. [30], the data are expressed in % by 

comparing the change of the compounds respect to the maximum effect achieved. 

The corresponding value of pA2 or pD2 is also obtained. All the com-pounds 

were tested in mixtures with the agonist acetylcholine, because its action 

is null or negligible in the used organ. The results are shown in Table 3 and Fig. 

6. 

Figure 6a–c indicate how the compounds Ia, IIa and IIb shift the concentration-

effect curve of the agonist acetyl-choline to the right, without affecting the 

maximal effect, a behaviour characteristic of the competitive antagonist. Dis-

placement is dose-dependent; the degree of the shift to the right is proportional 

to the antagonist concentration. Maximum effect values are below to those of 

control, so its action is never completely cancelled. 

The results in IIa (pA2 =  6,91) and IIb (pA2 =  6,65) are in agreement with 

the fact that when the size of the alkyl groups connected to the nitrogen atom 

is increased, the activity is reduced or abolished. The influence of a steric factor 
is more evident among compounds in which the size of the substituents varies 
in the series of anthicholinergic and cholinergic compounds. By other hand, our 
pA2 values are in accordance to earlier literature data referred to W-84 [65]. 

IIa and IIb compounds are more antagonist that Ia (pA2 =  6.02). 

By contrast, Ib produces a displacement to the left in the concentration-effect 

curve of the agonist acetylcholine (Fig. 6d), a characteristic behaviour of a 

competitive agonist (pD2 =  6.03). This opposite behaviour of Ib cannot be 

explained easily, but the influence of geometry and charges is negligible. 
 

 

 

 



 

Table 3 Calculated values of ED50 in M 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
  
 



  

 

 

 
 
Fig. 6 Plot of response as a porcentage of maximal response versus log concentration of agonist acetylcholine. (a) In compound IIa. pA2 =  

6.91. (b) In compound IIb. pA2 =  6.65. (c) In compound Ia. pA2 =  6.02. (d) In compound Ib. pD2 =  6.03 

 
 
 
 



 

Finally, the pA2 of simpler related compounds in para-substitution (Scheme 3) 

was determined [28], using the same experimental technique and methodology. 
 
 

Relationships/tendencies observed 
 

One of the objectives of the present work was the possibility to establish general 

structure–activity relationships/ tendencies. Several of them are shown in Figs. 7 

and 8. The relations are not totally linear, perhaps due to the value ofpA2 depends 

also of other parameters. Analysing the different parameters and Figures was 

noted the following: 

(i)     A shortening of N+_ C7 (Fig. 7a) or C2–C3 (Fig. 7b) produces a decrease in 

the d(N+. . .N) intramolecular distance and an increase in the pA2 activity. 

The shortening in N+_C7 and C2–C3 indicates an increment of the quinonoid 
character of the ring. With two exceptions, the increment in the negative 
charge on N23 produces an increase in pA2 Fig. 7d. 

(ii) The highest activity, shortening in N+_C7 and C2– C3, is due to an increment 

in the negative charge on N+, Fig. 8a, c. This increment leads to an opening of 

the C–N+–C angle (Fig. 8b) and an increase in the positive charge on C4, Fig. 
8d. 

(iii) Two relationships can be established in Fig. 8a depending the substituent 

on N+: a methyl group (monosubstituted C7) or a chain (disubstituted C7). 
To confirm this feature, the calculated values in molecules III and IV, as 
well as in DUO-3C and DUO-3O were included in this Fig. As mentioned 

below, molecule C differs remarkably. 

(iv) The structure of molecule C differs of the other molecules studied by its N-

isopropyl group on N+. This group produces an increase in the negative 

charge on N +  (molecule C has the highest value), a remarkable lengthening 

in N+–C7 (it has also the longest value), and consequently, the lengthening 
of C2–C3 and the lowest pA2. Due to these features, molecule C appears in 

general far away in Figs. 7 and 8. 

(v)   Molecules IIa and IIb appear to fail in Fig. 7a, b, showing a higher pA2 than 

that corresponding by their d(N+–C7) and d(C2–C3) values. It can be due to 

the two pyrimidinium moieties in IIa and IIb produce a higher activity than 

only one: pA2 =  6.91 in IIa vs 6.79 in D. 

(vi) In bispiridinium compounds, the intramolecular distance d ( N + … N + )  has 
been considered by several authors as an important parameter related to 
activity. However, in our case with only three points, Fig. 7c, it cannot be 
demonstrated. According to the results obtained, a long distance is due to 



long C2–C3, C4– C10 and C10–C16 bond lengths, and a long C10– C16 
indicates a high flexibility of the structure and a high activity. 

(vii) In dimeric molecules (IV, Ia, Ib, IIa, IIb) the atomic charge on N +  is lower 
than -0.3 e - ,  while in monomers (III, A, B, C, D) it is higher in negative 
value than -0.3 e - ,  Fig. 8. 

(viii) In dimeric molecules an increase in the length of the substituent on N ?  

produces a decrease in the negative atomic charge on N ?  (Ia –0.298 vs Ib 
– 0.293; IIa –0.297 vs IIb –0.292). 

(ix)   Molecule D has one –CH2– group more than molecule A. This additional 

group doesn’t produce significant change in the geometrical parameters, and 
the slight higher activity of molecule D than molecule A can be attributed 
to a higher lipophility of molecule D than A. By contrast, the substitution of the 
methyl moiety by a butyl chain on C7 and the presence of a phenylcarbamate 
group (molecule B) produce a remarkable reduction of pA2. In this 

reduction can contribute the aromatic character of the carbamate moiety. 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 7 Structure-activity relationships established. Bond lengths and intramolecular distances in Å, and bond angles in 

degrees 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8 Several relations established. Bond lengths and intramolecular distances in A, and bond angles in degrees 

 
 

 
 

Summary and conclusions 
 

In the present work we have studied the molecular geometry and activity of four new potential 

muscarinic agents. A good agreement is obtained, whenever available, with analogous 

theoretical studies, supporting the quality of our results derived from computations. The most 

important findings of this study are the following: 
 
(1) The different conformers of our synthesized bipyridinium salts were reproduced by 

B3LYP. The conformers that are symmetric appear as the most stable ones and two strong 

and two weak intramolecular H-bonds stabilize them. With the purpose of study their 

chemical reactivities, their equilibrium geometries were calculated for the first time. A 

similar simultaneous analysis of the potent W84 and DUO-3O allosteric modulators of the 

muscarinic receptor was also carried out. The geometries and values of the properties 

presented here appear to be the most accurate to date. 

(2) For the first time, DFT methods combined with high basis set have been used to study 

AM’s, improving remarkably the accuracy of the theoretical data reported in the 

bibliography. 

(3) The values of the N + . . . N +  and N + . . . N  intramolecular distances, and the values of the 

atomic charge in the N +  and =O atoms of our synthesized compounds are in accordance to 
the values obtained in the most potent AM. These results suggest the presence in our 
dimers of several possible interaction points with the receptor. 

(4) The positive charge is distributed on all the atoms of the molecule, slightly decreasing those 
with negative charge and slightly increasing those with positive charge. Small variations 

in the charge on N +  lead to changes in the N+–C7 and C2–C3 (C5–C6) bond lengths, and 

in the C–N+–C angle. Many of the values appear adjusted to a linear form. 
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(5) For understanding its structure and possible behaviour in physiological conditions, more 

than 200 cluster optimized structures with water molecules were determined at the 

B3LYP level. The hydration reduces the population of conformers determined in the 

isolated state. In the monohydration of Ia, the water molecule w1 offers the most stable 

structure. 

(6) The oxygen and nitrogen atoms of the urea substituents appear much more reactive 

than N +  of the pyrimidine ring. Thus, in the hydration the majority of the water 
molecules appear H-bonded to these atoms instead of on the pyrimidine ring. 

(7) The biological activity of our synthesized compounds was determined. Ia, IIa and IIb present 

a behaviour that is characteristic of the competitive antagonist, while Ib is agonist. 

(8) The highest activity is due to an increment in the negative charge on N+, with 

shortening in N+–C7 and C2–C3 bond lengths. In dimeric molecules a decrease in the 

length of the substituent on N ?  produces an increase in the negative atomic charge on 

N+and an increase in its activity. Long C10–C16 bond indicates a high molecular flexibility 
and a high activity. 

(9) Our results may aid in the development of more potent and more specific agents with 

this interesting ability to affect muscarinic receptors. 
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