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ABSTRACT

The acidities, relative stabilities (RS), nucleophilicities (n) and proton affinities (PA) of seven
azaindole molecules were determined in both gas and liquid phases using semi-empirical AM1, PM3
and PM5 methods. The calculated pK, values were compared with those of experimental pK, values to
search for a possible correlation. The protonation centers and protonation patterns were elucidated by
taking into account of the best fitting results.
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BAZI AZAINDOL TUREVLERININ PROTON ALMA DAVRANISLARININ
TEORIK OLARAK INCELENMESI

0z

Yedi adet azaindol molekiiliiniin asitlikleri, bagil kararliliklar1 (RS), nukleofilligi () ve proton
ilgileri (PA) yari-deneysel AM1, PM3 ve PMS5 yontemleriyle hem gaz hem de sivi fazlarda belir-
lenmistir. Hesaplanan pKa degerleri ile deneysel deneysel pKa degerleri arasindaki olast iliski
arastirilmistir. Protonlanma merkezleri ve protonlanma mekanizmalari i¢in en uygun sonug¢ dikkate
aliarak aydmlatilmistir.

Anahtar Kelimeler: Proton alma, Azaindol tlirevleri, Yari-deneysel hesaplama.
1. INTRODUCTION

Azaindoles belonging to azole family of drug-like heteroaromatic structures have received an
arisen interest recently because of their usage as anti-inflammatory agents, anti-psychotic agents in
pharmacy; dying and photographic processes as well as in scientific studies (Yakhontov 1968; Kat-
rizky 1984; Chi et al. 2000). There are some studies on biological activities of azaindole derivatives
for animals and plants (Adler and Albert 1963; Ohshiro and Kikuta 2000; Jiang et al. 2011). Moreo-
ver, the variable position of the heteroatom existing in the azaindoles increases the chance of suitable
binding in biological systems, increasing selectivity, as well as improving bioavailability (Fang et al.
2007). Pharmacological interest in the azaindoles stems from the possibility that they may serve as the
parent nucleus of active or antagonistic analogs of naturally occurring indole derivatives such as the
endogenously important serotonin. Furthermore, it seemed likely that unsubstantiated azaindoles
would have pharmacological properties. It depresses smooth muscle and produces convulsions origi-
nating in the spinal cord and subthalamic areas of the brain. Because azaindoles have electron-
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rich azole and electron-poor azine ring systems, they could be possible to selectively functionalize
both rings in a controlled fashion. In that way, it is possible to have new opportunities for the site-
selective functionalization of useful organic building blocks and may find application in the prepara-
tion of novel medicinal compounds (Huestis and Fagnou 2009).

Acid dissociation constants, K,, of drug precursor molecules are very important and they have
been used in activity searches and determination of certain physical parameters such as tautomeric
equilibrium, Kr, and synthetic studies as well as the quantitative structure activity (QSAR) and quanti-
tative structure property relations (QSPR) (Giiven and Ogretlr 1998; Acikkalp et al. 2001; Ogretir et
al. 2001, 2003, 2006, 2007; Kanigkan and Ogretir 2002; Ogretir and Kaypak 2002; Ogretir and Tokay
2004; Guray etal. 2007; Yarligan et al. 2005).

To the best of our knowledge, we did not find any systematic theoretical study on azaindole de-
rivatives in the literature. Therefore, we have attempted to calculate and evaluate the proton affinities
(i.e. PA values), relative stabilities (i.e. RS values), acidity constants, pK,, and tautomeric equilibrium
constants, K, of seven azaindole molecules (Table 1) both in gas and liquid phases in the present
work. The obtained results were compared with those of experimental results to search any possible
correlation.

Table 1. Nomenclature of the studied molecules (1-7).

AN X
X5
T e
x6 /
\x7 T1
H
M"ll\fg“le Nomenclature XX x| x5 XX
1 Indole 1H-Indole c|c|c|cCc| cCc|cC
2 2-Azaindole | 1H-Indazole N c|C| C c | C
3 3-Azaindole | 1H-benzo[d]imidazole Cc |N|C| C c | C
4 4-Azaindole | 1H-pyrrolo[3,2-b]pyridine| C | C | N | C | C | C
5 5-Azaindole | 1H-pyrrolo[3,2-c]pyridine | C | C | C | N c | C
6 6-Azaindole | 1H-pyrrolo[2,3-c]pyridine | C | C | C | C | N | C
7 7-Azaindole | 1H-pyrrolo[2,3-b]pyridine| C | C | C | C C | N

2. CALCULATION METHOD

The theoretical calculations were carried out by the CAChe 6.1.12 packet program at Restricted
Hartree-Fock level using AM1, PM3 and PMS5 semi-empirical SCF-MO methods (CAChe Pro-
gramme). An Intel Pentium Pro 400 MHz computer was used in all calculations. The initial data for
geometry optimization (bond lengths, bond angles and dihedral angles) were estimated by molecular
mechanic program (CS ChemOffice Pro for Microsoft Windows).

The gas phase protonation can be defined as in Eqn. 2.1 for a neutral base:

B + H0 = BH+H20 2.1)
where B is the neutral base, H;O" is the hydronium ion and BH" is the protonated base.

Since -AG’g = -[AGOBH+] for the gas phase protonation, the Eqn. 2.2 can be derived for the proton af-
finity (PA);
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(PA) = [(AH 4,0 - AH 11,0) — (AH ) - AH g1 )]= -AGs (2.2)
The basic equation for proton uptake of a base in aqueous medium can be expressed as follows;

+ +
B + AH <——BH+A (2.3)

where AH" is the hydronium ion, BH" is the protonated base molecule, A is the water molecule and B

izs ;he neutral base. The aqueous phase protonation of a neutral base then can be represented as in Eqn.

8AGzn ) = [AGyg) + AGgan ) ] - [AGysn 'y + AGga)] (2.4)
On the other hand from the thermodynamic free energy relationship;

AG = AH - TAS = -RTInK, the Eqn. 2.5 can be derived,

pKarsn') = 0AGen ) / (2.303RT) (2.5)

The standard proton affinities (PA) for gas phase protonation can be calculated using the follow-
ing equation (Speranza 1986):

PA =367.2 + AHf(unprotonated species) ~ AHf(protonated species) (26)

where AHy indicates the heat of formation values. We can use the Eqn. 2.7 for relative stability (RS)
calculations:

RS = AHf(tautomeric form a) ~ AHf(tautome:ric form b) (27)
The nucleophilicity values can be calculated using Eqn. 2.8 (Harris 1987; Acikkalp et al. 2001):
N = Enomo - ELumo (2.8)

The tautomerism values can be calculated using Eqn. 2.9 (Katrizky et al. 1964; Elguero et al.
1976; Jaramillo et al. 2008):

K=[A]/[B]
log Kr=log A —log B
-log K1=-log A +1og B (2.9

pKr = pKa - pKs

The nomenclatura belonging to the calculated gas phase and liquid phase parameters along with
the protonation pathways are given in Table 1 and Scheme 1, respectively. The termodynamic parame-
ters both in gas and liquid phases, the calculated proton affinities (PA), relative stabilities (RS) along
with nucleophilicities (1)) for the gas phase and acidity constants, pK, values, in liquid phase are given
in Tables 2-8.

3. RESULTS AND DISCUSSION

Most indoles were reported to exist overwhelmingly in the indole form (Reinecke et al. 1971,
1972). It was also reported that the tendency for indolines to exist is considerably grater than that for
pyrrolenines. Similarly isoindole was reported to exist as such rather than in the isoindolenin form
(Veber and Lwowski 1964).

As it was stated earlier the knowledge of the tautomeric form of the studied compounds is very
useful in structure-activity or structure-property studies. Therefore, in the present study we have at-
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tempted to determine the tautomeric forms of the studied compounds. These molecules were classified
as a and b forms by taking into consideration of those protonation centers (Scheme 1).
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Scheme 1. Possible protonation patterns for the studied molecules 1-7.

Table 2. The calculated thermodynamic parameters of the studied molecules by AM1, PM3 and PM5
in gas phase (T=298 K).

AH; AH AS AG | AG® |HOMO |LUMO
! keal o | (€V) | (eV)

Molecule

=

1 1 1

keal mol

AM1
1lalNH 55.042|4639.441| 80.078| 31.179|-19.224| -8.404| 0.300-8.704
2alNH 82.207 | 4201.104 | 77.532| 59.102|-18.903 | -8.867| -0.043 |-8.824
3alNH 66.977 | 4475.055| 79.022| 43.428|-19.074| -8.996| 0.058|-9.054
4alNH 65.480 | 4514.760 | 79.378 | 41.825|-19.140| -8.879| 0.033|-8.912
5alNH 65.5354481.007 | 79.104| 41.962|-19.092| -8.675| -0.019 |-8.656
6alNH 65.214 | 4496.653 | 79.223 | 41.606|-19.112| -8.756| 0.011|-8.767
7alNH 65.863 | 4437.160 | 78.784| 42.385|-19.040| -8.780| 0.050 |-8.830
H,O -59.251{2369.362 | 45.086 | -72.687 | -11.066 - - -

2b2NH 88.750 | 4356.036 | 78.305| 65.415|-18.979| -8.467| -0.212]-8.255
4b4NH 80.530 | 4360.700 | 78.306| 57.195|-18.974| -8.347| -0.621|-7.726
5bSNH 82.791|4392.995| 78.532| 59.388|-19.010| -8.269| -0.418|-7.851
6b6NH 82.38214396.194 | 78.542| 58.976|-19.009 | -8.167| -0.351|-7.816
7b7NH 81.726 | 4347.981 | 78.248 | 58.408|-18.970 | -8.392| -0.656|-7.736
1alNH" |217.474|4472.686 | 79.172|193.881|-19.121| -13.725| -4.983|-8.742
2alNH" |250.559 | 4364.026 | 78.589(227.139 | -19.055 | -14.392 | -5.354[-9.038
2a2NH" |210.125 | 4450.616 | 77.398 | 187.060 |-18.614 | -13.706 | -5.087 |-8.619

keal mol cal mol keal mol
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2bINH" |245.786 | 4407.680 | 78.677(222.340 | -19.038 | -13.473 | -5.482|-7.991
2b2NH" |245.786 | 4409.644 | 78.690 |222.336 | -19.040 | -13.473 | -5.482|-7.991
3alNH' |237.403 |4372.441| 78.590|213.983 |-19.047 | -14.046 | -5.312|-8.734
3a3NH' |210.125 | 4450.616 | 77.398 | 187.060 |-18.614 | -13.706 | -5.087 |-8.619
4alNH" |234.016 | 4352.407 | 78.518(210.618 | -19.046 | -14.140 | -5.298 | -8.842
4adNH" |207.661 | 4429.757 | 78.687 | 184.212|-19.019 | -13.509 | -5.424 |-8.085
4bINH" |207.660 | 4431.482 | 78.697 | 184.208 | -19.020 | -13.510 | -5.425 | -8.085
4b4NH" |260.873 | 4513.785| 79.879 |237.069 |-19.290 | -14.003 | -5.990 |-8.013
SalNH™ |234.890 | 4374.459 | 78.674 |211.445(-19.070 | -13.990 | -5.329 |-8.661
5aSNH™ |206.514 | 4425384 | 78.705 | 183.060 | -19.029 | -13.256| -5.141|-8.115
SbINH' |206.514 | 4424.170 | 78.697 | 183.062|-19.028 | -13.256| -5.141|-8.115
SbSNH' |265.906 | 4552.928 | 80.052 |242.051|-19.303 | -13.653 | -5.955|-7.698
6alNH" |234.329|4374.270 | 78.684 [210.881(-19.074 | -14.372| -5.327-9.045
6a6NH"™ |209.231|4456.733 | 78.866 | 185.729|-19.045 | -13.280 | -5.348 |-7.932
6bINH" |209.223 | 4458.977 | 78.881|185.716(-19.048 | -13.281| -5.348|-7.933
6b6NH" |269.918 | 4541.835| 79.968 | 246.088 | -19.289 | -13.944 | -5.773 |-8.171
7alNH™ |233.0334349.241 | 78.483|209.645|-19.039 | -14.142 | -5.328 |-8.814
7a7NH™ |212.703 | 4491.939 | 79.047 | 189.147|-19.064 | -13.498 | -5.376|-8.122
7bINH' |212.703 | 4491.489 | 79.045 | 189.148|-19.064 | -13.497 | -5.376|-8.121
Tb7INH" |264.099 | 4524.483 | 79.937 [240.278|-19.297 | -13.819| -6.114|-7.705
H;0" 143.461|2379.122 | 46.193|129.695 | -11.386 - - -

PM3
1alNH 42.496 | 4446.286 | 78.765| 19.024|-19.026 | -8.355| 0.174|-8.529
2alNH 65.5974369.897 | 78.394| 42.236|-18.991| -8.762| -0.254|-8.508
3alNH 78.667 | 4369.999 | 78.362| 55.315|-18.991| -8.889| -0.070-8.819
4alNH 50.176 | 4355.784 | 78.290| 26.846|-18.991| -8.750| -0.140-8.610
SalNH 48.807|4369.497 | 78.379| 25.450|-18.991| -8.718| -0.118 |-8.600
6alNH 49.199 | 4368.179 | 78.374 | 25.844|-18.991| -8.685| -0.125]-8.560
7alNH 48.045|4762.038 | 81.036| 23.896|-18.991| -8.761| -0.134|-8.627
H,O -53.433|2369.863 | 44.988 | -66.839 | -18.991 - - -

2b2NH 70.125 | 4484.920 | 78.939| 46.601|-18.991| -8.631| -0.405|-8.226
4b4NH 65.748 | 4565.835 | 79.366| 42.097|-18.991| -8.249| -0.867|-7.382
SbSNH 68.220 | 4628.560 | 79.781| 44.445|-18.991| -8.290| -0.667|-7.623
6b6NH 67.696 | 4637.305 | 79.836| 43.905|-18.991| -8.133| -0.641|-7.492
7b7NH 64.077 | 4536.206 | 79.195| 40.477|-18.991| -8.359| -0.894]|-7.465
1alNH" |204.000 | 4622.695 | 79.947 | 180.176 | -18.991 | -13.968 | -5.326|-8.642
2alNH" |231.415[4595.117 | 79.783(207.640 | -18.991 | -14.576 | -5.764 | -8.812
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2a2NH" | 191.081 [ 4629.980 | 78.347 | 167.734 |-18.991 | -13.634| -5.318|-8.316
2bINH" |230.018 | 4598.675 | 79.666 | 206.278 | -18.991 | -13.489 | -5.764 |-7.725
2b2NH" |230.018 | 4598.664 | 79.666 | 206.278 | -18.991 | -13.489 | -5.764 |-7.725
3aINH' |219.958 | 4556.355| 79.553(196.251 |-18.991 | -14.286 | -5.598 | -8.688
3a3NH' | 191.081 [4629.980 | 78.347 | 167.734 |-18.991 | -13.634| -5.318|-8.316
4alNH" |217.395|4593.236| 79.687 | 193.648 |-18.991 | -14.428 | -5.619 |-8.809
4adNH" | 194.021 [ 4608.900 | 79.631|170.291 |-18.991 | -13.437 | -5.594 |-7.843
4bINH" | 194.024 | 4608.834 | 79.631|170.294 |-18.991 | -13.437 | -5.594 |-7.843
4b4NH" |241.371 |4684.153 | 80.814|217.288 |-18.991 | -14.331| -6.341 |-7.990
SalNH™ |218.250 |4611.352| 79.795 | 194.471|-18.991 | -14.276 | -5.660 | -8.616
5aSNH™ | 194.253 |4618.230 | 79.701 [ 170.502 | -18.991 | -13.323 | -5.378|-7.945
SbINH' | 194.253 |4618.095| 79.700 | 170.502 | -18.991 | -13.323 | -5.378|-7.945
SbSNH' |246.850 | 4724.557 | 80.955|222.725|-18.991 | -14.012| -6.233 |-7.779
6alNH™ |217.334|4611.241| 79.809 | 193.551 |-18.991 | -14.399 | -5.669 | -8.730
6a6NH"™ | 195.893 |4643.321| 79.846 | 172.099 | -18.991 | -13.249 | -5.542 |-7.707
6bINH" |195.893 |4643.182| 79.846 | 172.099 | -18.991 | -13.249 | -5.542|-7.707
6b6NH" |242.749 | 4708.347 | 80.837 |218.660|-18.991 | -14.175| -6.153 |-8.022
7alNH™ |214.728 |4533.789 | 79.440 | 191.055|-18.991 | -14.422 | -5.625|-8.797
7a7NH™ | 199.344 | 4745312 | 80.462 | 175.366|-18.991 | -13.477 | -5.602 |-7.875
7bINH" |199.344 | 4747.105 | 80.460 | 175.367 |-18.991 | -13.477 | -5.601 |-7.876
7Tb7NH" |242.096 | 4696.660 | 80.823 |218.011|-18.991 | -14.183 | -6.413 |-7.770
H;0" 159.066 | 2378.690 | 46.036 | 145.347 | -18.991 - - -
PMS

1lalNH 46.347|4539.127 | 79.182| 22.751|-19.057| -8.242| 0.439]-8.681
2alNH 66.274 | 4429.154 | 78.673 | 42.829|-19.015| -8.674| -0.068 |-8.606
3alNH 49.403 | 4861.096 | 81.728 | 25.048 |-19.494| -8901| 0.085]-8.986
4alNH 54.628 | 4432.227| 78.632| 31.196|-19.000| -8.750| -0.027]|-8.723
SalNH 52.155|4437.353 | 78.698| 28.703|-19.015| -8.639| 0.078-8.717
6alNH 53.100 | 4440.098 | 78.724| 29.640|-19.020| -8.601| -0.001 |-8.600
7alNH 52.354 | 4418.185| 78.506| 28.959|-18.977| -8.749| -0.023 |-8.726
H,O -53.696 | 2371.272 | 44.949 | -67.091 | -11.024 - - -

2b2NH 70.595 | 4635.042 | 79.737| 46.833|-19.127| -8.498| -0.193|-8.305
4b4NH 67.165|4674.618 | 79.912| 43.351|-19.139| -8.286| -0.568|-7.718
SbSNH 68.663 | 4739.776 | 80.373 | 44.712|-19.211| -8.318| -0.358|-7.960
6b6NH 68.759 | 4738.896 | 80.357| 44.813|-19.207| -8.121| -0.371-7.750
7b7NH 65.223 | 4646.071 | 79.750 | 41.458|-19.119| -8.413| -0.559|-7.854
1alNH" |200.235|4724.909 | 80.436 | 176.265 | -19.245 | -13.583 | -4.811(-8.772

155
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2alNH® [227.043[4608.364 | 79.840[203.251 [-19.184 | -14.236| -5.367|-8.869
2a2NH" [ 192.953[4773.469 | 79.057 [ 169.394 | -18.786 | -13.478 | -4.969|-8.509
2bINH" |228.505(4708.328 | 80.263 |204.587 [-19.210 | -13.253 | -5.491-7.762
2b2NH" |228.504|4708.639 | 80.266 | 204.585 [-19.210 | -13.253 | -5.491-7.762
3alNH® |215.820(4629.567 | 79.892|192.012[-19.178 | -13.912| -5.310]-8.601
3a3NH" | 192.953(4773.469 | 79.057 [ 169.394 | -18.786 | -13.478 | -4.969 |-8.509
4alNH" |214.799[4620.017 | 79.893 | 190.991 [-19.188 | -14.073 | -5.178|-8.895
424NH" |195.582(4791.319| 80.596 | 171.564 [-19.226 | -13.304| -5.252-8.052
4bINH" |195.582(4792.064 | 80.600 | 171.563 [-19.227 | -13.304| -5.252-8.052
4b4NH" |232.426(4789.911| 81.405|208.167 [-19.469 | -13.948 | -5.825-8.123
5alNH* [215.260(4638.619 | 80.035[191.410[-19.212| -13.920| -5.210(-8.710
5a5NH* | 194.018(4762.073 | 80.433|170.049 [-19.207 | -13.156| -4.984-8.172
S5bINH" | 194.018[4763.124 | 80.438 | 170.047 [-19.207 | -13.157 | -4.984[-8.173
5bSNH" |242.701(4832.421 | 81.618[218.379 [-19.490 | -13.692| -5.813-7.879
6alNH" |[214.049 | 4634.313 | 80.033190.199 |-19.216 | -14.275| -5.238]-9.037
6a6NH" |196.539 |4822.043 | 80.822 | 172.454|-19.263 | -13.078 | -5.192|-7.886
6bINH" |196.538 | 4824.665 | 80.840 | 172.448 |-19.266 | -13.078 | -5.192|-7.886
6b6NH" |237.655|4812.646 | 81.485(213.372|-19.470| -13.958 | -5.660 | -8.298
7alNH® [212.833|4616.124 | 79.837189.042 | -19.175 | -14.085 | -5.176|-8.909
7a7NH" | 199.358|4949.833 | 81.761|174.993 |-19.415| -13.376 | -5.200|-8.176
TbINH® [199.136|4947.757 | 81.742|174.777 | -19.411 | -13.376 | -5.199 |-8.177
7Tb7NH" | 240.482 [4799.904 | 81.394(216.227|-19.456| -13.836| -5.985|-7.851
H;0" 138.066 | 2451.652 | 46.161 | 124.310(-11.304 - - -
“AG¢= AH; - TAS. °AG = AH - TAS. “n = Eyomo - ELumo

Table 3. The calculated thermodynamic parameters of the studied molecules by AM1, PM3 and PMS5
in liquid phase (T=298 K; e=78.4).

AH; AH AS AG? | AG’

Molecule

1 1 1 1 1

cal mol keal mol keal mol kcal mol

AM1
1alNH 49.215(4718.518 | 80.764 | 25.147|-19.349
2alNH 76.106 | 4222.305| 77.637| 52.970|-18.914
3alNH 57.677|4523.676 | 79.358| 34.028|-19.125
4alNH 56.5794526.604 | 79.429| 32.909|-19.143
S5alNH 56.167 | 4495.582 | 79.178 | 32.572|-19.099
6alNH 56.879 1 4520.776 | 79.360| 33.230|-19.129
7alNH 58.776 | 4506.772 | 79.259| 35.157|-19.112
H,O -64.41212369.439 | 45.086 | -77.848 | -11.066

keal mol
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2b2NH

80.357

4378.011

78.428

56.985

-18.994

4b4NH

68.375

4352.842

78.242

45.059

-18.963

SbSNH

67.688

4360.161

78.349

44.340

-18.988

6b6NH

68.719

4366.892

78.383

45.361

-18.991

7b7NH

70.297

4356.797

78.282

46.969

-18.971

lalNH"

159.806

4521.289

79.598

136.086

-19.199

2alNH"

191.852

4351.677

78.502

168.458

-19.042

2a2NH"

188.553

4406.463

78.633

165.120

-19.026

2b1NH"

188.498

4402.115

78.610

165.072

-19.024

2b2NH"

188.498

4404.520

78.623

165.068

-19.025

3alNH'

173.946

4344991

78.357

150.596

-19.005

3a3NH"

153.630

4533.142

77.791

130.448

-18.649

4a1NH"

170.970

4353.741

78.502

147.576

-19.040

4a4NH"

154.960

4474.367

78.894

131.450

-19.036

4b1NH"

154.932

4507.116

79.074

131.368

-19.057

4b4NH"

195.928

4540.245

80.255

172.012

-19.376

5alNH"

171.026

4418.974

79.045

147.471

-19.136

5a5NH"

153.028

4456.958

78.831

129.536

-19.035

5b1NH"

153.022

4437.257

78.708

129.567

-19.018

SbSNH"

198.596

4139.511

77.211

175.587

-18.869

6alNH"

170.944

4413.795

78.985

147.406

-19.124

6a6NH"

155.124

4499.779

79.080

131.558

-19.066

6b1NH"

155.109

4155.301

78.797

131.627

-19.326

6b6NH"

196.756

4549.500

80.059

172.898

-19.308

7alNH"

173.504

4328.979

78.317

150.166

-19.009

7a7NH"

158.200

4531.550

79.229

134.590

-19.079

7b1NH"

158.180

4513.530

79.118

134.603

-19.064

7b7NH"

200.949

4101.088

76.920

178.027

-18.821

H;0"

51.054

2373.137

46.170

37.295

-11.386

PM3

1alNH

37.951

4769.760

80.629

13.924

-19.258

2alNH

59.843

4380.619

78.424

36.473

-18.990

3alNH

38.606

4600.107

79.559

14.897

-19.108

4alNH

42.373

4613.799

79.656

18.636

-19.124

5alNH

41.351

4603.209

79.599

17.630

-19.117

6alNH

41.843

4603.038

79.592

18.125

-19.115

7alNH

42.371

4620.497

79.694

18.622

-19.128

157
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H,O -58.046 | 2369.901 | 44.988 | -71.452|-11.037
2b2NH 61.060 | 4470.849 | 78.902 | 37.547|-19.042
4b4NH 52.849(4479.179 | 78.891| 29.339|-19.030
SbSNH 52.8104501.845| 79.074| 29.246|-19.062
6b6NH 53.764 | 4514.915| 79.148 | 30.178|-19.071
7b7NH 52.260 | 4499.003 | 78.798 | 28.778|-18.983
1alNH" |146.964|4616.840 | 79.906 | 123.152 |-19.195
2alNH" | 171.997 | 4605.018 | 79.853 | 148.201 |-19.191
2a2NH" | 171.3534514.692 | 79.111 | 147.778 | -19.060
2bINH" | 171.417 | 4506.923 | 79.086 | 147.849 | -19.061
2b2NH" | 171.415|4501.163 | 79.049 | 147.859 | -19.055
3aINH' |157.013 |4367.884 | 78.189 | 133.713 |-18.932
3a3NH" | 135.195|4576.815| 78.019 | 111.945 |-18.673
4alNH" | 155.260 | 4547.104 | 79.616 | 131.534 |-19.178
4adNH" | 140.627 | 4599.681 | 79.590 | 116.909 |-19.118
4bINH" | 140.587 | 4458.329 | 79.322 | 116.949 |-19.180
4b4NH" | 178.001 | 4597.762 | 79.895 | 154.192 |-19.211
SalNH™ | 155.105|4545.950 | 79.561 | 131.396 | -19.163
5aSNH™ | 140.469 | 4591.186 | 79.559 [ 116.760 | -19.117
SbINH' | 140.405 | 4585.117 | 79.525|116.707 | -19.113
SbSNH' | 182.510|4753.371 | 81.554 | 158.207 | -19.550
6alNH"™ | 154.561|4555.307 | 79.601 | 130.840 | -19.166
6a6NH"™ | 141.212|4643.721 | 79.882 | 117.407 | -19.161
6bINH" | 141.135|4564.864 | 79.329 | 117.495 | -19.075
6b6NH" | 180.131 | 4806.825 | 82.966 | 155.407 | -19.917
7alNH™ | 156.043 | 4588.818 | 79.896 | 132.234 | -19.220
7a7NH™ | 143.348 | 4602.350 | 79.560 | 119.639 | -19.107
7bINH" | 143.344|4661.658 | 79.980 [ 119.510 |-19.172
7b7NH" | 181.552|4751.895 | 81.664 | 157.216 |-19.584
H;0" 67.613 | 2375.529 | 46.024| 53.898|-11.340
PMS5
lalNH 38.861 | 4580.905| 79.399| 15.200|-19.080
2alNH 57.562 | 4475.375| 78.935| 34.039|-19.047
3alNH 36.866 | 4924.481 | 82.256| 12.354|-19.588
4alNH 42.876|4467.039 | 78.801| 19.393 |-19.016
SalNH 41.082|4491.657| 79.003 | 17.539|-19.051
6alNH 42.033|4487.260 | 78.987| 18.495|-19.051
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7alNH | 42.739(4481.297| 78.929| 19.218 [-19.040
H,0 -59.444(2372.330 | 44.953 | -72.840 | -11.024
2b2NH | 59.132[4653.681| 79.835| 35.341[-19.137
4b4NH | 51.098 |4664.229 | 79.825| 27.310[-19.124
5bSNH | 49.425|4667.048 | 79.895| 25.616 |-19.142
6b6NH | 51.342(4684.871| 80.013| 27.498 |-19.159
7b7NH | 50.271|4651.767 | 79.748 | 26.506 |-19.113
1alNH® [ 142.010 | 4693.889 | 80.139 | 118.129 |-19.188
2alNH® | 167.148 4790.922 | 81.877 | 142.749 | -19.608
2a2NH" | 169.232]4665.135 | 79.973 | 145.400 | -19.167
2bINH' | 169.167 | 4689.004 | 80.074 | 145.305 [-19.173
2b2NH" | 169.165 | 4664.871 | 79.916 | 145.350 | -19.150
3alNH™ |151.416(4694.823 | 80.462|127.438-19.283
3a3NH" | 135.779 | 4805.856 | 79.195|112.179 |-18.794
4alNH" | 150.306 | 4676.581 | 80.332|126.367 |-19.262
4a4NH" | 141.422(4814.526 | 80.693 | 117.375 |[-19.232
4bINH" |141.382[4855.182 | 80.982|117.249 [-19.277
4b4NH" |172.072]4776.723 | 81.007 | 147.932 |-19.363
5alNH® | 149.955|4624.703 | 79.930|126.136 |-19.194
5a5NH" |139.302 | 4807.860 | 80.645|115.270 |-19.224
S5bINH" |139.234]4829.167 | 80.778 | 115.162 | -19.243
5bSNH" | 173.648 | 4829.985 | 81.559 | 149.343 [-19.475
6alNH" | 149.239[4669.904 | 80.315]125.305 |-19.264
6a6NH" | 140.944 | 4880.226 | 81.153 | 116.760 |-19.303
6bINH" | 140.863 [ 4879.694 | 81.165|116.676 |-19.307
6b6NH" | 172.008 | 4814.269 | 81.452147.735 |-19.458
7alNH'™ | 152.321 [4608.983 | 79.725 | 128.563 | -19.149
7a7NH' | 143.654|5048.530 | 82.714]119.005 |-19.600
7bINH® | 143.610|5015.880 | 82.526(119.017 |-19.577
Tb7NH' | 176.223 | 4448.434 | 78.780 152.747 | -19.028
H;0" 47.397|2462.174 | 46.212| 33.626 |-11.309
"AG¢= AH;- TAS. °AG = AH - TAS.

3.1 Nucleophilicity

Possible correlations between the nucleophilicities (1)) of the molecules in gas phase and those of
experimental pK, values are investigated. Concerning 1 -pK, graphs by PM5, PM3 and AM1 are given
in Figure 1 for a and b forms of the molecules. Although there are good meaningful correlation be-
tween those for both a (1alH, 2al1H, 3alH, 4alH, 5alH, 6alH, 7alH) and b forms (2b2H, 4b4H,
5b5H, 6b6H, 7b7H) could not be observed, corelations for b forms are better than those of a forms. It
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is observed that the most succesfull method is PMS5, following by PM3 and AM1, successively for the
molecules in the b form.

Molecules

i 0.617
Molecules form b |
0.5690'614

1.0.027
= 0.140 2
0.021° [ ' ' R

0.2

Molecules form a

0.0

0.4 0.6

Figure 1. The correlations between nucleophilicity and experimental pK, values of the molecules, R*:
correlation coefficient.

3.2 Proton Affinities

The proton affinities (PA) of all molecules in gas phase were calculated. The correlation between
the proton affinities and both experimental and theoretical pK, were investigated (Table 4-6 and Fig-
ure 2).

The correlation order between PA and experimental pK, values for the studied molecules is given
in the following order: Group4 > Group3 > Group2 > Groupl. The success order of the calculated
method for each group is PM3, PM5 and AM1; AMI1, PM3 and PM5; AM1, PM5 and PM3; PMS5,
AMI1 and PM3 for Group 4, 3, 2 and 1, respectively.

Table 4. Molecule groups considering protonation pathways.

Group 1

Group 2

Group 3

Group 4

2a1NH-2a2NH"

lalNH-1lalNH"

2b2NH-2bINH"

2b2NH-2b2NH"

3a3NH-3a3NH"

2alNH-2alNH"

4b4NH-4bINH"

4b4NH-4b4NH"

4a1NH-4a4NH"

3a3NH-3alNH"

5bSNH-5bINH"

5bSNH-5b5NH"

5alNH-5a5NH"

4a1NH-4alNH"

6b6NH-6b1NH"

6b6NH-6b6NH"

6alNH-6a6NH"

5alNH-5aINH"

7b7NH-7bINH"

7b7NH-7b7NH"

7alNH-7a7NH"

6alNH-6alNH"

7alNH-7aINH"

Figure 2. The correlations between proton affinity (PA) and experimental pK, values of the molecules,

Protonation Process

Group 4

Group 3

Group 2

R?: correlation coefficient.
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Table 5. Proton affinities (PA) in gas phase (T=298 K).

PA'

Process Protonation I)K?lexp2
AM1 PM3 PM5

1alNH-1alNH" 365.144 | 374.003 | 345.650 | -2.400
2alNH-2alNH" 371.064 | 378.317 | 352.531 1.220
2alNH-2a2NH™ 330.630 | 337.983 | 318.441 1.220
2b2NH-2bINH" 359.748 1 372.392 | 349.672 | 1.220
2b2NH-2b2NH" 359.748 | 372.392 | 349.671 1.220
3alNH-3aINH" 373.138 1 353.790 | 358.179 | 5.530
3alNH-3a3NH" 345.860 | 324.913 | 335.312| 5.530
4alNH-4alNH" 371.248 1379.718 | 351.933 | 6.940
4a1NH-4a4NH" 344.893 | 356.344 | 332.716 | 6.940
4b4NH-4bINH" 329.842 1 340.775|320.179 | 6.940
4b4NH-4b4NH" 383.055 | 388.122|357.023 | 6.940
5alNH-5aINH" 372.067 | 381.942 | 354.867 | 8.260
5alNH-5a5NH" 343.691 | 357.945|333.625| 8.260
5b5SNH-5bINH" 326.4351338.532|317.117| 8.260
5b5SNH-5b5SNH" 385.8271391.129| 365.800 | 8.260
6alNH-6alNH" 371.827|380.634 | 352.711| 7.950
6alNH-6a6NH" 346.729 | 359.193 | 335.201 | 7.950
6b6NH-6bINH" 329.5531340.696 | 319.541 | 7.950
6b6NH-6b6NH " 390.248 | 387.552 | 360.658 | 7.950
7alNH-7alNH" 369.8821379.182|352.241 | 4.590
7alNH-7a7NH" 349.5521363.798 | 338.766 | 4.590
7b7NH-7bINH" 333.689 | 347.766 | 325.675| 4.590
7b7NH-7b7NH" 385.0851390.518 | 367.021 | 4.590

1
2 PA =367.2+ AHf(unprotonated species) ~ AHf(protonated species),
Experimental values taken from Ref. Harris 1987.

3.3 Acidity

The protonation calculations of all the molecules were done in aqueous phase (Table 6 and Figure
3). The theoretical pK, calculations were fulfilled considering all protonation centers including possi-
ble tautomer forms. It is observed that Groupl and Group 4 showed the best correlation of those ex-
perimental and theoretical pK, values. pK, calculations supported that that a forms are most preferred
(dominant) instead of b forms considering pK, values likewise tautomer calculations. The correlation
order between theoretical and experimental pK, values taking into consideration of the molecule
groups and calculation methods for the studied molecules is given in the following order: group4
(PM5>PM3>AM1) > groupl (PM5>AMI>PM3) >group3 (AMI1, PM3, PMS5) >group2
(AM1>PM3>PM5). It is found that the most successful protonation was for Group 4 and Group 1 with
PMS5 method. The protonation mechanisms were realized by via paths 3, 7, 11, 15, 19, 23 and 5, 9, 13,
17,21, 25 for Group 4 and Group 1 molecules, respectively.
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Protonation Process

Group 4

Group 3

Figure 3. The correlations between theoretical and experimental pK, values of the molecules, R*: cor-
relation coefficient.

Table 6. The acidity constants (pK,) in liquid phase (T=298 K; e=78.4).

pKacalcl
Process Protonation AM1 PM3 PMS5 pKa,,,’
OAGme)S F’I(a(f)(sm)4 aAGﬂsm)3 F’I(a(f)(sm)4 6AGf5H+)3 F’Ka(f)(sm)4
1alNH-1alNH" 4.204 3.083 16.122 11.823 3.537 2.594| -2.400
2alNH-2alNH" -0.345 -0.253 13.622 9.989 -2.244 -1.646 1.220
2alNH-2a2NH" 2.993 2.195 14.045 10.299 -4.895 -3.590 1.220
2b2NH-2bINH" 7.056 5.174 15.048 11.035 -3.498 -2.565 1.220
2b2NH-2b2NH" 7.060 5.177 15.038 11.028 -3.543 -2.598 1.220
3alNH-3alNH" -1.425 -1.045 6.534 4.791 -8.618 -6.320 5.530
3alNH-3a3NH" 18.723 13.730 28.302 20.754 6.641 4.870 5.530
4a1NH-4alNH" 0.476 0.349 12.452 9.131 -0.508 -0.373 6.940
4a1NH-4a4NH" 16.602 12.175 27.077 19.856 8.484 6.221 6.940
4b4NH-4b1INH" 28.834 21.144 37.740 27.675 16.527 12.120 6.940
4b4NH-4b4NH" -11.810 -8.660 0.497 0.364 | -14.156 -10.381 6.940
5alNH-5alNH" 0.244 0.179 11.584 8.495 -2.131 -1.563 8.260
5a1NH-5a5NH" 18.179 13.331 26.220 19.228 8.735 6.406 8.260
5b5NH-5b1INH" 29.916 21.938 37.889 27.785 16.920 12.408 8.260
5b5NH-5bSNH" -16.104 -11.809 -3.611 -2.648 | -17.261 -12.658 8.260
6alNH-6alNH" 0.967 0.709 12.635 9.265 -0.344 -0.252| 7.950
6alNH-6a6NH" 16.815 12.331 26.068 19.116 8.201 6.014 7.950
6b6NH-6b1INH" 28.877 21.176 38.033 27.890 17.288 12.678 | 7.950
6b6NH-6b6NH" -12.394 -9.089 0.121 0.089 | -13.771 -10.099 | 7.950
7alNH-7alNH" 0.134 0.098 11.738 8.608 -2.879 -2.111 4.590
7alNH-7a7NH" 15.710 11.520 24.333 17.844 6.679 4.898 4.590
7b7NH-7b1INH" 27.509 20.173 34.618 25.386 13.955 10.233 | 4.590
7b7NH-7b7NH" -15915| -11.671 -3.088 -2.264 | -19.775| -14.501 4.590
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! Calculated pK. values, 2Experimental values taken from Ref. Harris 1987, 36AGfﬁBH+) = [AGgp) + AGf(AH+) ]-
[AGesi") + AGea], “pPKanmi ) = OAGwmn ) / (2.303RT). R=1.987x10 keal mol" K™ and T=298 K.

3.4 Tautomerism

When tautomer behaviors in liquid phase for the studied molecules are investigated, it is thougth
that a forms are most preferred form (dominant) instead of b forms considering calculated tautomeric
constants (Kr) and pKr values (Table 7 and Figure 4). It is determined that a form is predominant in
the equilibria between a and b by evaluating the obtained Kt data. Kt values for the equilibria
(2al1NH ==2b2H) were highest among all the protonation processes in Table 7 by all the calculation
methods, AM1, PM3 and PMS5.

Table 7. The calculated tautomeric constants (KT) in liquid phase.

) AM1 PM3 PM5
Process Protonation K, Ky K, Ky K, Ky
2a1NH-2b2H 1.14x107|2.945 | 1.63 x10™" | 0.788 | 1.11 x10™'| 0.955
4a1NH-4b4H 1.23 x107 8911 1.14 x10® | 7.942 | 1.56 x10° | 5.807
5a1NH-5b5H 2.34 x107 | 8.631 [3.02 x10™ | 8.520 | 1.19 x10° | 5.924
6a1NH-6b6H 1.27 x107 | 8.897 | 1.45 x107 | 8.840 | 2.49 x107 | 6.603
7a1NH-7b7H 2.17 x107 | 8.663 | 3.56 x10™® | 7.449 | 4.52 x10°| 5.345

Method

AM1 F 0.769
2

T T T T T IR
074 076 078 0.8 082 0.84

Figure 4. The correlations between tautomerism and experimental pK, values of the molecules, R*:
correlation coefficient.

3.5.Relative Stabilities

The relative stabilities were calculated by mole fractions of tautomers a and b. The mole fractions
of individual tautomeric forms a and b can be calculated by using the following equation;

K

agT—=hbD)
According to equilibrium given above for the following equation (Hiir and Giiven 2002),
KT:Nb/Na andNaJrNb: 1 (31)

where Ky is tautomeric equilibrium constant between a and b forms, N, and N, are mole fractions of a
and b forms.
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Na: 1 /( 1 +KT) and Nb:KT/( 1 +KT)

Thermokinetic calculation;

AGHwa)=[Na][AGga)]+ )=[Np][AGsp)]

Relative stability (f) a form: AG{wa)- AGya)
Relative stability (f) b form: AGf{wa)- AGg,

Thermodynamic calculation;

AG(Wa)=[N,][AG@)]+ )=[Np][AGw)]

Relative stability a form: AG(wa)- AG,)

Relative stability b form: AG(wa)- AG,
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(3.2)

(3.3)
(3.4)

(3.5)

(3.6)
(3.7)

(3.8)

AMI1, PM3 and PM5 methods in liquid phase. The results are given in Table 8. In the calculations, the
relative stabilities of a and b forms were investigated. The results show that a form is more stable than
those of b form. The calculated relative stability values of -4.251 (AM1), -1.217 (PM3) and -1.570
(PM5) for these equilibria (i.e. 2a==2b and 3a==3b) also indicate the predominance of 2b2NH
form for compound 2a and equivalent amount for 3al1NH and 3b3NH (i.e. with all three methods)

(Table 8).

Table 8. The relative stabilities by AM1, PM3 and PM5 methods in liquid phase.

The weighted aver-
age of the free ener- . .
Molecule AG/ AG® Mol fractions of tauto- gies of tautomeric sgj)lﬁit:;e f sl::::giltvyeg
keal mol-1 keal mol-1 mersc forms -{0 -1
AGf(Wﬂ)d AG(Wa)e kcal mol kcal mol
kcal mol-1 kcal mol-1
AM1
52.97| -18.914| Nag=0.0185| Na=0.0558 40137 -2.1914
2alNH @ 56.9837 | -21.1054
2b2NH | 56.985| -18.994| Nb=0.9828 | Nb=1.0556 20.0013| -2.1114
34.028 | -19.125| Nap=0.0285| Na=0.0552 0.0000| -2.1103
3alNH 0 34.0280 | -21.2353
3bINH | 34.028] -19.125| Nbg=0.9715 | Nb=1.0552 0.0000| -2.1103
32.909 | -19.143 | Nag=0.0295| Na=0.0551 12.1422|  -1.9308
4alNH 0 45.0512| -21.0738
4b4NH | 45.059| -18.963 | Nb=0.9783 | Nb=1.0557 20.0078 | -2.1108
32.572 | -19.099 | Na;=0.0298 | Na=0.0553 11.7603 |  -1.9998
SalNH @ 443323 | -21.0988
5bSNH 4434 -18.988 | Nby=0.9779 | Nb=1.0556 20.0077| -2.1108
33.23| -19.129| Nag=0.0292 | Na=0.0552 12.1234| -1.9727
6alNH @ 453534 | -21.1017
6b6NH | 45.361| -18.991 | Nb=0.9784 | Nb=1.0556 20.0076 | -2.1107
35.157 | -19.112| Nag=0.0277 | Na=0.0552 11.8052| -1.9699
7alNH U 46.9622 | -21.0819
Th7NH | 46.969| -18.971 | Nb=0.9792| Nb=1.0556 20.0068 | -2.1109
PM3
36.473| -18.99| Nap=0.0267 | Na=0.0556 1.0733|  -2.1630
2alNH @ 37.5463 | -21.1530
2b2NH | 37.547| -19.042| Nb=0.9741| Nb=1.0554 20.0007| -2.1110
14.897] -19.108 | Nap=0.0629 | Na=0.0552 0.0000| -2.1104
JalNH @ 14.8970 | -21.2184
3bINH | 14.897] -19.108 | Nbg=0.9371 | Nb=1.0552 0.0000| -2.1104
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18.636 | -19.124| Nap=0.0509 | Na=0.0552 10.6850| -2.0166
4alNH U 2 29.3210| -21.1406
4b4NH | 29.339| -19.03| Nbg=0.9670 | Nb=1.0555 20.0180| -2.1106
17.63 | -19.117 | Nag=0.0537 | Na=0.0552 11.5954| -2.0556
SalNH U 292254 | -21.1726
SHSNH | 29.246| -19.062| Nbg=0.9669 | Nb=1.0554 -0.0206| -2.1106
18.125| -19.115| Nag=0.0523 | Na=0.0552 12.0328 | -2.0665
6alNH ) 30.1578 | -21.1815
6b6NH | 30.178| -19.071| Nb=0.9679 | Nb=1.0553 20.0202| -2.1105
18.622 | -19.128 | Nag=0.0510| Na=0.0552 10.1386 |  -1.9658
7alNH U 2 28.7606| -21.0938
Th7NH | 28.778| -18.983 | Nb=0.9664 | Nb=1.0556 20.0174| -2.1108
PM5
34.039| -19.047| Nag=0.0285| Na=0.0554 13010]  -2.2005
2alNH ) 353400 | -21.2475
2b2NH | 35341 -19.137| Nbg=0.9725| Nb=1.0551 20.0010| -2.1105
12.354 | -19.588 | Nap=0.0749 | Na=0.0538 0.0000| -2.1076
3alNH ® 123540 | -21.6956
3bINH | 12.354] -19.588| Nbp=0.9251| Nb=1.0538 0.0000| -2.1076
19.393 | -19.016 | Nap=0.0490 | Na=0.0555 79033 | -2.2187
4alNH U 2 272963 | -21.2347
Ab4NH 2731 -19.124 | Nby=0.9647 | Nb=1.0552 20.0137| -2.1107
17.539 | -19.051| Nap=0.0539| Na=0.0554 8.0606| -2.2015
SalNH U 2 25.5996| -21.2525
SHSNH | 25.616| -19.142| Nbg=0.9624 | Nb=1.0551 20.0164| -2.1105
18.495 | -19.051| Nap=0.0513| Na=0.0554 8.9868| -2.2185
6alNH U 2 27.4818| -21.2695
6b6NH | 27.498 | -19.159 | Nb=0.9649 | Nb=1.0551 20.0162| -2.1105
19218 -19.04| Nag=0.0495| Na=0.0554 72749| 21836
7alNH U 2 26.4929 | -21.2236
TH7INH | 26.506| -19.113 | Nb=0.9636 | Nb=1.0552 20.0131| -2.1106

“AG¢ = AH; - TAS; °AG = AH - TAS; ‘Equation (3.2); ¢ Equation (3.3); ¢ Equation (3.6); 'Equation 3.4 and 3.5; ¢
Equation 3.7 and 3.8.

4. CONCLUSIONS

The acidities, mole fractions, nucleophilicities () and proton affinities (PA) of seven azaindole
molecules were determined in both gas and liquid phases using semi-empirical AM1, PM3 and PM5
methods. The calculated pK, values were compared with those of experimental pK, values. The best
correlation between experimental pK, values and nucleophilicity, proton affinity (PA), tautomerism
and acidity of the whole molecules was for PMS5 calculation method. The more stable form was form b
for all the molcules by taking into account of the relative stability.
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