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Introduction





Acid-base properties and protonation-deprotonation equilibria are among the best known chemical phenomena. Observations of the effects of changing the molecular structure on acid-base equilibria have provided much of the theoretical foundation of modern organic chemistry. Many chemists, like analytical chemists, organic chemists, physico-chemists, biochemists or molecular biologists often need to know the �tm "Acidity"�acidity or �tm "Basicity"�basicity of organic compounds, (ie. the pKa values of the molecules). Sometimes difficulties may arise in the experimental determination of pKa values as it is time-consuming and requires a laboratory experience.





At present, several compilations of pKa values are available1,2,3,4, but they don't consist all the molecules being prepared and used by chemists. It is due to this reason that the demand has arisen, and the calculation methods developed, for predicting pKa values5,6,7.





pKalc is a program module of the PALLAS system which predicts the pKa values of compounds, based on a calculation method described in Chapter 1. This method assumes that�tm "Bases"�, substituents produce �tm "Free energy changes"�free energy changes which are more or less linearly additive. This assumption has led to the �tm "Hammett equation"��tm "Hammett equations"��tm "Taft equations"��tm "Taft equation"�Hammett and Taft equations, which are the starting points of pKa predictions.





Theoretical Background





The physico�chemical meaning of pKa





An acid is "a species having a tendency to lose a proton" while a base is "a species having a tendency to add on a proton"8. Thus, every acid has a conjugate basic form and inversely:


	�BEÁGYAZÁS Equation.2���	�SORSZÁM Equation  \* ARAB�1�


and every base is a conjugate acid


	�BEÁGYAZÁS Equation.2���	�SORSZÁM Equation  \* ARAB�2�


where [HA] and [B] represent the concentration (activity) of the acidic and basic species, respectively, [H+] and [A-] represent the concentration of solvated proton and anion, respectively.





For example, salicylic acid � salicylate anion and pyridinium ion � pyridine are conjugated acid � base pairs. If HA or BH+ has a high tendency to lose a proton, its conjugate, A- or Bwill have only a low tendency to accept one. With other words: if HA or BH+ is a strong acid, A- or B is a weak base and vice versa.


In aqueous solutions, water reacts with acids as a base:





and reacts with bases as an acid:


	�BEÁGYAZÁS Equation.2���	�SORSZÁM Equation  \* ARAB�3�


	�BEÁGYAZÁS Equation.2���	�SORSZÁM Equation  \* ARAB�4�


The acidic strength of HA or BH+ relative to the base strength of water is expressed by an equilibrium constant:� BEÁGYAZÁS Equation.2  ���


	� BEÁGYAZÁS Equation.2  ���	�SORSZÁM Equation  \* ARAB�5�


	� BEÁGYAZÁS Equation.2  ���	�SORSZÁM Equation  \* ARAB�6�


The concentration of water remains essentially constant, because most measurements are made in diluted solutions, and can be taken as unity, in which case we get the following equations:


	� BEÁGYAZÁS Equation.2  ���	�SORSZÁM Equation  \* ARAB�7�


	� BEÁGYAZÁS Equation.2  ���	�SORSZÁM Equation  \* ARAB�8�


where Ka is the acidic �tm "Dissociation constant"��tm "Ionization constant"�dissociation (ionization) constant. Equations �SORSZÁM Equation KAA�7� and �SORSZÁM Equation  \* ARAB�9� can be written in a more general form:


	�BEÁGYAZÁS Equation.2���	�SORSZÁM Equation  \* ARAB�10�


where A and B are the protonated and deprotonated forms of the same compounds, respectively.





Equation �SORSZÁM Equation KA�10� can be written in the following form�tm "pKa"� 


	� BEÁGYAZÁS Equation.2  ���	�SORSZÁM Equation  \* ARAB�11�


where pKa is the negative logarithm of Ka, and is equal to the pH at which [A] = [B].


�



Equation �SORSZÁM Equation PKA�11� expresses the strength of the conjugate acidic form of a basic compound: the greater the pKa value the weaker the acid or, conversely, the stronger is its conjugate basic form. The earlier definition of pKb ("basic pK") is thus unnecessary. Note that pKa and pKb are related by


	�BEÁGYAZÁS Equation.2���	�SORSZÁM Equation  \* ARAB�12�


where logKw is the �tm "Ionic product"�ionic product of water.





�tm "Linear free energy relationships"�Linear Free Energy Relationships





At a constant temperature the pKa of a molecule is linearly related to the free energy�tm "Hammett equations"��tm "Taft equations"� change for the reaction of ionization of a proton:


	� BEÁGYAZÁS Equation.2  ���	�SORSZÁM Equation  \* ARAB�13�


The insertion of a substituent leads to a corresponding change in DG0 and, therefore, in pKa. If these changes are not very big ones, they are found to be additive. This observation is the basis of the �tm "Hammett equation"�Hammett and �tm "Taft equation"�Taft equations, which are widely used for pKa prediction.


�
The Taft  and Hammett Equations





The additivity of �tm "Free energy changes"�free energy changes affecting the strength of ionization is generally expressed by the Taft equation:


	�BEÁGYAZÁS Equation.2���	�SORSZÁM Equation  \* ARAB�14�


where pKa0 is the ionization constant of the unsubstituted parent compound (or reaction center), r* is a constant for a particular reaction which depends on the nature of the reaction center, and s* is a constant characteristic for a given substituent. Sigma constants used by the program are included in the SUBST1.TAB under the DATABASE subdirectory, while constants (pKa0 and r* values) for the Taft equations are in CENTER.TAB.





When s* for an �R group is known, s* for �CH2R can be estimated as 0.4× s*. The �CH2� groups have a reducing effect on the s* values of substituents. The list of �CH2� units used by the program can be found in BRIDGE.TAB in the DATABASE subdirectory.





An estimate of s* for  group �C(Z)(Y)(X) can be obtained from the s* values of �CH2Z, �CH2Y and �CH2X by addition.





Taft equations are used for predicting pKa values for aliphatic or alicyclic reaction centers. For the prediction of aromatic reaction centers (.ie. aromatic carboxylic acid�tm "Acids"�s or pyridine�type nitrogens) the Hammett equation is suitable. The Hammett equation is very similar to the Taft equation:


	�BEÁGYAZÁS Equation.2���	�SORSZÁM Equation  \* ARAB�15�


Equilibrium constants for many meta� and para�substituted aromatic compounds show linear, additive dependence on �tm "Free energy changes"�free energy changes.


�tm "TAB files"�The tables SUBMETA1.TAB and SUBPARA1.TAB contain sigma constants of many common meta and para substituents. Constants for ortho substituents are in ORTO_AC.TAB, ORTO_PHL.TAB, ORTO_ANL.TAB and ORTO_PYR.TAB, for carboxylic acid, phenol, aniline, and pyridine�type centers, respectively.





Special para constants are involved in PARA_PHL.TAB, PARA_ANL.TAB and PARA_PYR.TAB, for phenols, anilines and pyridines, respectively. pKa0 and r values used by the program are in the CENTER.TAB.





Extended �tm "Hammett equations"�Hammett Equations: the �tm "Dewar-Grisdale method"��tm "Dewar-Grisdale method"�Dewar�Grisdale Method





Simple Hammett equations are suitable for predicting pKa values of aromatic compounds in which the reaction center and the substituents are on the same ring (if the compound is polyaromatic). For compounds where the center and the substituents are on different rings, a possible approach is the Dewar�Grisdale9 method. The substituent constant is a function of field and mesomeric effects, the formal charge, the distance between the substituent and the center, and the position of the substituent. It is possible to convert these special s values into sums of smeta and spara values for any position10. For a reaction center at position i, a substituent at position j acts in the following manner;


	� BEÁGYAZÁS Equation.2  ���	�SORSZÁM Equation  \* ARAB�16�


where rij is the distance between the positions i and j, qij is the electron density in position j produced by a �CH2� attached to position i, F is a measure of the field set up by the substituent, and M is a measure of combined p�inductive�mesomeric effects of the substituent. A list of qij values is given by Longuet�Higgins11 for naphthalene derivatives, and is included in OMP.TAB.








pKa Values of Polybasic Acid�tm "Acids"�s and Bases�tm "Bases"�





For compounds containing more than one reaction center there are some special added features of the estimation. These are:





       � use of a statistical factor


       � ranking the centers according to their strengths


       � handling of zwitterions�tm "Zwitterions"�





�tm "Statistical factor"�Statistical Factors





When a compound has  n  acidic or basic reaction centers (the acid or base is polybasic) with approximately the same strength, each center has an equal probability to lose (or accept) a proton. The observed pKa will be decreased by the amount log(n). This effect, called the "statistical effect", appears because there are  n equivalent ways to lose a proton but only one site to which the proton can be restored. For the second proton loss the correction will be log((n�1)/2), then log((n�2)/3) and so on.





Ranking According to Strength





When a polybasic acid (or base) has chemically different centers (for example three phenol groups as in pyrogallol), the centers lose protons one after the another. The order of proton loss depends on the strength of the apparent pKa of the centers (apparent pKa is the pKa which the center has if it is the only reaction center in the molecule). The reaction center having the strongest apparent pKa will be ionized first and so on. When the second (third, etc.) center loses a proton, the first is (theoretically) totally ionized, so its modifying effect on the second center is changed in comparison with the non�ionized form. The second (third, etc.) pKa must be recalculated with the modified sigma value of the ionized center(s).





�tm "Zwitterions"�Zwitterions





If a neutral molecule carries both a positive and negative charge, it is known as a zwitterion. Zwitterions are formed from amphoteric compounds if the pKa of the protonated basic center is close to or higher than the pKa of the acidic group (for example: a�amino acid�tm "acids"�s). In this case both pKa values must be recalculated with the s values of ionized groups.








Examples When Prediction May Fail





It is important to know the limitations of the prediction method used by pKalc and to be aware of cases in which the pKa prediction may fail.





�	differences between cis and trans isomers (e.g. maleic acid vs. fumaric acid),





�	multiple pKa values on small molecules (e.g. citric acid),


     


�	covalent hydration (characteristic of N�heteroaromatics),


     


�	the absence of an appropriate Taft  or Hammett equation or s value (the reaction center or substituent is not present in the database of the program, or the appropriate s value for the position of the substituent is unknown).


�
Advanced Use








�tm "Hammett equations: constructing"��tm "Taft equations: constructing"�Constructing Hammett and Taft Equations�tm "Constructing Hammett and Taft equations"�





When constructing a Hammett or Taft equation the basic task is to determine the pKa0 and the r value, where pKa0 is the pKa value of the unsubstituted parent compound, and r expresses the sensitivity of the  parent compound to the effects of substituents. In general the least square procedure is used for parameter estimation of Hammett and Taft equations. The independent variable is the sum of the substituent constants (Ss), and the dependent variable is the experimental pKa value.





The s values can be found in the �tm "TAB files"�*.TAB files. But it is very time consuming to look for all  data needed for a prediction. We advise you to enter the center definition into the segment database and into CENTER.TAB before the prediction. Since you don't yet know  the values of pKa0 and r, you have to enter dummy values for them in CENTER.TAB. When you calculate pKa for a training set, all the s values will be calculated, so you can use them in the prediction.





The pKa0 and the r value can be determined by plotting Ss against pKa. The r value is the slope and the pKa0 value is the intercept of the regression line. If one wants to set up a Hammett or Taft equation by means of linear regression, it is important to pay attention to the following:





1. At least six known pKa values of related compounds are (usually) needed for a Hammett or Taft equation to function properly.The related compounds need to satisfy the requirement that all of their acidic or basic groups must be in a similar chemical environment. For example, to construct a Taft equation for imides (R-NH-CO-NH-R) you should not use amides (R-NH-CO-R), taking -NH-R as a substiuent, rather you would need to construct an imide center for imides. (These centers are, however, already part of the knowledge base of pKalc.)





2. You need to check the accuracy of the pKa values used for constructing a Hammett or Taft equation. Whether the values are derived from literature data, or your own measurements, you need to be sure that an aqueous solution without an organic component was used, and that the temperature was 25oC.





3.  Another requirement for selecting related compounds is that the difference between the largest and the smallest Ss value be as great as possible, preferably at least 0.5. On the other hand, various types of substituents should be used to make the equation more general.








Constructing a Taft Equation





This example will serve as a general method for setting up a Taft equation. Suppose that the pKa value for an aliphatic nitro compound is required but experimental pKa data is not available.


Some pKa values of aliphatic nitro compounds are shown in �SORSZÁM Table TAFTTAB�1� (pKa values are taken from ref. 12).





	Table �SORSZÁM Table  \* RÓMAI�I�  pKa values of some aliphatic nitro compounds


�MAGÁN ��	No.	Compound			pKa	Ssp


	1	CH(NO2)3			0.17	2.34


	2	CH2(NO2)2			3.57	1.56


	3	CH(NO2)2Cl			3.80	1.80


	4	CH(NO2)Cl(COOC2H5)		4.16	1.47


	5	CH2NO2COCH3		5.10	1.25


	6	CH3CH(NO2)2			5.21	1.42


	7	CH3CH2CH(NO2)2		5.50	1.41


	8	CH2(NO2)(COOC2H5)		5.75	1.27


	9	CH(Cl)2NO2			5.99	1.26


	10	CH(NO2)(F)(COOC2H5)	6.28	1.29


	11	CH2(NO2)(Cl)			7.20	1.02


	12	CH3CH2NO2			8.46	0.63


	13	CH3CH2CH2NO2		8.70	0.60








Taft substituent constants (s*) are applicable for aliphatic compounds having a flexible structure. Whilst the use of s* values for the  nitro compounds above seems to be a suitable choice, their application in the least squares procedure does not yield a satisfactory correlation. This failure can be explained by an abnormal electron-withdrawing effect and the resonance stabilization ability of the nitro group. For some aliphatic compounds the Taft13,14 sigma constants cannot be used for a linear free energy relation between pKa and the appropriate sigma values. In these cases we need to use other types of substituent constants. (A comprehensive collection of different types of substituent constants has been described by Swain15,16.) Using the original Hammett para constants (sp) instead of s* values for aliphatic nitro compounds results in a satisfactory correlation (see below).





Now we add up the sp values of all substituents connected to the acidic carbon atom. The substituents and their sp values are shown in �SORSZÁM Table SIGMATAB�1�.








	








	


	Table �SORSZÁM Table  \* RÓMAI�II�  s values of substituents


�MAGÁN ��Substituent		sp


-NO2			0.78


-F			0.06


-COOC2H5		0.45





The sum of the sp values is 1.29 for compound 10. It can be seen in �SORSZÁM Table GUANTAB�3�. Because the maximum difference among the values of the independent variable is 1.74, the third requirement (page �OLDALHIV REQ3�7�) is satisfied.








The regression line is plotted in �SORSZÁM Figure PKADETPLOT�1�.








	


�


	Figure �SORSZÁM Figure  \* ARAB�2�  Regression plot of nitro compounds





The Taft equation for aliphatic nitro compounds is the following:


	�BEÁGYAZÁS Equation.2���	�SORSZÁM Equation  \* ARAB�17�


R2			: 0.95


Standard error of est.	: 0.54


F ratio			: 190.57








Constructing a Hammett Equation





This method is very similar to the previous example. We will set up a Hammett equation for p-substituted aromatic guanidine derivatives, based on the following data set. (pKa values are taken from 17)





	Table �SORSZÁM Table  \* RÓMAI�III�  pKa values of some guanidine derivatives


�MAGÁN ��No.	Compound				  pKa	  sp


1	p-NO2-PhNH-C(=NH)NH2		 9.28	 0.78


2	p-Cl-PhNH-C(=NH)NH2		10.50	 0.24


3	p-COOH-PhNH-C(=NH)NH2		10.60	 0.44


4	PhNH-C(=NH)NH2			11.00	 0.00


5	p-methyl-PhNH-C(=NH)NH2		11.40	-0.14


6	p-methoxy-PhNH-C(=NH)NH2		11.50	-0.28


7	p-hydroxy-PhNH-C(=NH)NH2		12.20	-0.38


	





For these compounds, the independent variable is the para substituent constant (sp).





The following Hammett equation for aromatic guanidine derivatives can be derived from the data of �SORSZÁM Table GUANTAB�3�:


	�BEÁGYAZÁS Equation.2���	�SORSZÁM Equation  \* ARAB�18�


R2			: 0.93


Standard error of est.	: 0.27


F-Ratio			: 68.65








It should be noted that this Hammett equation is valid not only for para substituted aromatic guanidine derivatives, but also for the meta and ortho species as well. In the latter two cases the appropriate meta and ortho substituent constants can be found in the "SUBMETA1.TAB" and "ORTO_ANL.TAB" data files of the program. For example, in the case of N-(2-methyl-3-ethyl-4-methoxyphenyl)-guanidine





so(methyl) from ORTO_ANL.TAB = 0.1


sm(ethyl)  from SUMETA1.TAB = -0.07


sp(methoxy) from SUBPARA1.TAB = -0.28





The pKa of this compound can be calculated by using the Hammett equation:





	�BEÁGYAZÁS Equation.2���	�SORSZÁM Equation  \* ARAB�19�








�tm "Dewar-Grisdale method"�Dewar-Grisdale Method for Aromatic Compounds





The Dewar-Grisdale method is useful for the calculation of pKa values of polycyclic aromatic compounds such as naphthalene, acridine, phenanthridine, etc. Effects of substituents on the ionizable reaction center cannot be expressed easily using the classical Hammett s constants when the substituent and the reaction center are on different aromatic rings connected to the same aromatic system. The Dewar-Grisdale method is based on the quantum chemical calculation of the charge density of unsaturated hydrocarbons. A simple equation can be deduced for substituent constants of condensed aromatic compounds using charge density. This modified  substituent constant consists of the original Hammett sp and sm values, which are weighted by their field and mesomeric effects.


	� BEÁGYAZÁS Equation.2  ���	�SORSZÁM Equation  \* ARAB�20�


where F is proportional to the field effect of substituent, M is proportional to the mesomeric effect of substituent, F and M depend only on the nature of the substituent but are independent of the size of the compound. rij is the distance between reaction center and the attaching point of substituent. rij is measured in C-C bond length. qij is the charge density at position j.





The qij value of some condensed aromatic system have been reported by Longuet-Higgins18. 








The following example illustrates an application of the Dewar-Grisdale method.


               


Constructing a Hammett Equation for Acridine Derivatives





Acridine consists of three aromatic rings with a basic ring nitrogen on the bottom of the middle ring (�SORSZÁM Figure ACRIDINE�2�).





	





�


	Figure �SORSZÁM Figure  \* ARAB�3�  Acridine





For simplicity, one can use the qij and rij values of benzene to define the F and M, because F and M are independent from the compound.





Using the appropriate data of benzene one can get the following results:


	� BEÁGYAZÁS Equation.2  ���	�SORSZÁM Equation  \* ARAB�21�


	�BEÁGYAZÁS Equation.2���	�SORSZÁM Equation  \* ARAB�22�


These F and M values can be used for any condensed aromatic system composed of six-membered rings. In acridine the nitrogen is in position 10. The possible positions for substituents are at the carbon atoms connected to a hydrogen atom. �SORSZÁM Table DEWTAB�3� summarizes the corresponding rij, qij and sij  values of acridine. 





	


	Table �SORSZÁM Table  \* RÓMAI�IV�  rij, qij and sij  values of acridine


�MAGÁN ��Reaction	Substituent 	


center 	position						


position 


(i)	(j)	rij		qij		sij					


		    


10	5	1.70		0.0		1.02sm


10	6	2.63		1/14		0.23sm + 0.5sp


10	7	3.00		0.0		0.58sm


10	8	2.63		1/14		0.23sm + 0.5sp 


10	9	2.00		2/7		sp


10	1	2.63		1/14		0.23sm + 0.5sp


10	2	3.00		0.0		0.58sm


10	3	2.63		1/14		0.23sm + 0.5sp


10	4	1.70		0.0		1.02sm





sij values were calculated by applying equation [1].








Some pKa values of amine substituted acridine derivatives are shown in �SORSZÁM Table DEWTAB2�5�.











	Table �SORSZÁM Table  \* RÓMAI�V�  pKa values of some acridine derivatives


�MAGÁN ��No.	Compound			pKa	sij





1	3-NH2-acridine				 8.00	-0.00


2	9-NH2-acridine				 9.95	-0.57


3	3-NH2-6-Cl-acridine			 7.22	-0.079


4	9-NH2-1-OH-acridine			11.60	-1.09


5	9-NH2-3-ethoxy-7-NO2-acridine		 7.50	-0.25


6	3-NH2-9-Cl-acridine			 6.70	-0.04





pKa values are taken from ref. 4











By using �SORSZÁM Table DEWTAB�3� one can calculate the sij values of the above acridine derivatives. For example the sij value of compound 5 can be calculated in the following way:


	� BEÁGYAZÁS Equation.2  ���	�SORSZÁM Equation  \* ARAB�23�


	� BEÁGYAZÁS Equation.2  ���	�SORSZÁM Equation  \* ARAB�24�


	� BEÁGYAZÁS Equation.2  ���	�SORSZÁM Equation  \* ARAB�25�


The value of the independent variable of compound 5 is the sum of these three substituent constants, -0.25, as can be seen in �SORSZÁM Table DEWTAB�3�. Using the least squares procedure we get the following Hammett equation, which is based on the above-mentioned acridine derivatives.


	�BEÁGYAZÁS Equation.2���	�SORSZÁM Equation  \* ARAB�26�


R2			: 0.98


Standard error of est.	: 0.33


F-Ratio			: 154.45





The coefficients of so, sm and sp needed for the calculation of the sij values can be found in OMPx.TAB files.











Equations with Three or More Parameters





In cases when the center can be affected from more than one direction by substituents, that is it has more hook atoms, the r values should be defined for each direction. In these cases, multiple linear regression should be used to determine the pKa0, r1, r2, ... values.








�tm "Combined Hammett and Taft equation"�Combined Hammett and Taft Equation





If the reaction center is connected to both an aliphatic and an aromatic part (for example N-alkyl-anilines), then neither a Hammett nor a Taft equation alone can be applied. In these cases we need to use a combined Hammett-Taft equation. The combined equation has two r values corresponding to the different effects of the aliphatic and aromatic parts.








�
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�
Hardware and �tm "Software requirements"�Software Requirements





The following are the minimum requirements for using the Frame module of PALLAS:





-	You need a computer capable of running MS-Windows in 386 enhanced mode (80386 or later). The computer must have at least 4MB of RAM and a graphics display and adapter (Hercules, EGA, VGA, or better). A mouse or other pointing device is also required.





-	Windows 3.1 or later must be installed on your computer.





-	You need at least 3.5 MB of free disk space for the Frame module, and up to 1 MB for every prediction module.
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