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      SPARC stands for SPARC Performs Automated Reasoning in Chemistry. It

analyzes an organic molecule like an expert chemist does. It calculates chemical

reactivity and physical properties of organic compounds. For chemical reactivity

parameters, it splits each organic molecule into its reaction center and a collection of

perturbers. Then from the various interactions between the reaction center and the

perturbers, it calculates the chemical reactivity of the molecule. For physical properties,

intermolecular interactions are expressed as a summation of all the interacting forces

between the molecules. Each of these interacting forces are then expressed in terms of a

limited set of molecular-level descriptors that, in turn, are calculated from the molecular

structure. It now calculates pKa, electron affinity, vapor pressure, activity coefficient,

distribution coefficient, Henry’s constant, etc. Our main goal is to extend the SPARC’s

capability to calculate hydrolysis rate constants of esters and hydration equilibrium

constants of aldehydes/ketones and quinazolines.
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CHAPTER 1

INTRODUCTION

      The main objective of this project is to extend the calculational ability of SPARC to

the calculation of hydrolysis rate constants of ester compounds and hydration

equilibrium constants of aldehydes/ketones and quinazolines. The SPARC calculator has

been successful in calculating the pKa, electron affinity and various physical properties

of organic compounds. 1 According to EPA, each year the number of organic compounds

synthesized far exceeds their ability to evaluate the physical and chemical properties.

Determining the physical and chemical reactivity properties of organic compounds

experimentally is expensive and time consuming. Many times reactants half-lives cannot

be determined within a reasonable time in the laboratory. As a result, alternative

methods are needed, which is reliable, faster and determines the values of these physical

and chemical properties within the experimental error. That alternative method is the

SPARC calculator, which can accurately calculate the value of these properties

inexpensively and within a reasonable time. In addition, the SPARC calculator can

calculate values of physical and chemical properties of organic compounds at elevated

temperatures and in many solvents. Esters, aldehydes/ketones and quinazolines have

environmental, industrial and pharmaceutical importance. Understanding the hydrolysis

rate constants and hydration equilibrium constants for these compounds will help us to

assess and use them safely.
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Esters

      Esters are important carbonyl compounds. The general structure for esters is

represented by R1C(=O)OR2, where R1 and R2 are substituents. These substituents can

be substituted alkyl chains, phenyl groups or heteroatoms. They are used industrially to

make flavors, soaps, herbicides, pesticides (phosphoesters in particular) and so on. The

esters undergo hydrolysis through three different mechanisms. They are, namely, base,

acid and general base-catalyzed ester hydrolyses.

Base Catalyzed Hydrolysis

      The base-catalyzed or alkaline hydrolysis of esters generally takes place via a BAC2

mechanism (figure 1). BAC2 stands for base-catalyzed, acyl-oxygen fission and

bimolecular reaction. It is similar to the SN2 reaction and it occurs when the hydroxide

ion attacks the carbonyl carbon of an ester to give the carboxylic acid and alcohol. In

addition, alkaline hydrolysis of esters may also occur through other mechanisms, such as

BAC1 (base-catalyzed, acyl-oxygen fission, unimolecular), BAL1 (base-catalyzed, alkyl-

oxygen fission, unimolecular) and BAL2 (base-catalyzed, alkyl-oxygen fission,

bimolecular). However, BAC2 is the most common mechanism for alkaline hydrolysis of

esters and it usually masks all the other plausible mechanisms. 2, 3

Acid Catalyzed Hydrolysis

      The acid catalyzed hydrolysis of esters takes place via AAC2 mechanism (figure 2).

AAC2 stands for acid-catalyzed, acyl-oxygen fission and bimolecular reaction. It is

similar to the SN2 reaction. It occurs when the positive hydrogen ion catalyzes the esters
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Figure 1

BAC2 mechanism: Base-catalyzed, Acyl-oxygen fission and Bimolecular reaction.
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Figure 2

AAC2: Acid-catalyzed, acyl-oxygen fission and bimolecular reaction
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and the water molecule attacks the carbonyl carbon of the ester to give the carboxylic

acid and alcohol. In addition, the acid-catalyzed hydrolysis of esters may also take place

by other mechanisms, such as AAC1 (acid-catalyzed, acyl-oxygen fission, unimolecular),

AAL1 (acid-catalyzed, alkyl-oxygen fission, unimolecular) and AAL2 (acid-catalyzed,

alkyl-oxygen fission, bimolecular). However, AAC2 is the general mechanism for acid-

catalyzed hydrolysis of esters and it usually masks all the other possible mechanisms. 2, 3

General Base Catalyzed Hydrolysis

      The general base-catalyzed hydrolysis of esters takes place via BAC2 mechanism

(figure 3). BAC2 stands for base-catalyzed, acyl-oxygen fission, bimolecular reaction. It

is similar to the SN2 reaction. It occurs when the base (B:) abstracts the hydrogen atom

from the  water molecule releasing the hydroxide ion, which eventually attacks the

carbonyl carbon of esters to give the carboxylic acid and alcohol. The base, B:, stands

for any base, such as ammonia, acetate ion, imidazole and so on. In case of neutral

hydrolysis, B: represents the water molecule. 2, 3

Aldhehydes/Ketones

      Aldehydes and ketones are important carbonyl compounds with the structures

R1C(=O)H and R1C(=O)R2 respectively. R1 and R2 can either be alkyl chains, phenyl

rings or heteroatoms. They are industrially used for making plastics, food additives and

flavors. 4 The hydration of aldehydes/ketones takes place when a water molecule attacks the

carbonyl carbon of the aldehydes/ketones and the released hydrogen ion of water molecule

attacks the carbonyl oxygen to give the hydrated forms of aldehydes/ketones (figure 4). It is

a nucleophilic reaction. The hydration of aldehydes/ketones may take place under a neutral,
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Figure 3

BAC2 mechanism (Base-catalyzed, Acyl-oxygen fission, Bimolecular reaction) for

general base-catalyzed hydrolysis of esters. B: stands for any base and for neutral

hydrolysis it represents the water molecule.
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Figure 4

Hydration of aldehydes and ketones under acidic, alkaline or neutral condition. Keq is

the hydration  equilibrium constant.
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acidic or basic medium. 5, 6   Most of the aldehydes/ketones data we are reporting are

hydrating under the basic condition.

Quinazolines

      The quinazolines are also important organic compounds, which are used in the field

of pharmaceutical research 7  and pesticide chemistry. The quinazolines have a basic

structure of n(cc1cc2)cnc1cc2 and many different substituents can be added to 1, 2, 3, 4,

5, 6, 7 or 8 positions. The substituents can be an alkyl chains, phenyl rings or

heteroatoms. The hydration of quinazolines takes place when the hydroxide ion of water

molecule attacks the carbon at the fourth position and the remaining hydrogen ion attacks

the nitrogen at the third position as shown in figure 5. The hydrated quinazolines can further

transform into different tautomeric species. 8  However, we are currently interested in and

concentrating on hydration of quinazolines into the first hydrated species as shown in the

figure 5.
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Figure 5

Hydration of quinazolines showing various hydrated species. However,  we are currently

interested only in hydration of quinazolines into its first hydrated species, displayed by

pK(hyd.)1.
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CHAPTER 2

SPARC COMPUTATIONAL MODEL FOR HYDROLYSIS OF ESTERS

Hydrolysis Model

      The hydrolysis computational model for hydrolysis of esters is categorized into three

submodels, namely, reference rate, internal perturbation and external perturbation

models. The reference rate model calculates the hydrolysis rate constant for the smallest

ester compound, which excludes internal perturbation and steric effects. The internal

perturbation model calculates the hydrolysis rate constant due to the internal perturbation

interactions between the reaction center and the substituents. The internal perturbation

interactions include resonance and electrostatic effects. Finally, the external perturbation

model calculates the hydrolysis rate constant due to steric and solvent-reactants

interactions. The external perturbation interactions include steric, solvation and field

stabilization effects. The hydrolysis rate constant contributions from these three models

are then added to give the total calculated hydrolysis rate constant.

      Calculated Rate  =  Reference  + Internal Perturbation + External Perturbation

Reference Rate Model

      The reference rate is a hydrolysis rate constant for the smallest ester compound,

which resembles the structure of reaction center (C(=O)O). It is methyl formate for the

hydrolysis of esters. The reference rate does not show any internal perturbation

interactions, such as resonance and electrostatic effects. Neither does it show steric
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effects. However, it is dependent upon the temperature. As the temperature increases, the

reference rate increases. The mathematical expression for the reference rate is given

below.

      Reference  = Pre-exp + LogTk  + Ref1 + Ref2/Tk

Where, Reference is the reference rate, Pre-exp is the logarithmic pre-exponential factor,

Tk is the temperature in Kelvin, Ref1 is the entropic term and Ref2 is the enthalpic term.

Internal Perturbation Model

      In the internal perturbation computational model for hydrolysis of esters, molecular

structure is broken down into the reaction center (C), conductor (R) and perturber (P)

(figure 6). The reaction center (C) is hooked to the perturber (P) via the conductor (R).1,

10    The conductors are usually alkyl chains or phenyl rings. The perturbers are usually

functional groups or heteroatoms attached to the conductor. Some molecules may not

have the conductors, for example, the reaction center (‘C(=O)O’) of phenyl acetate is

directly connected to the perturbers: the phenyl ring and the carbon atom. Keq. is a

critical equilibrium constant, representing the equilibrium between the initial and

transition states. The logarithm of the critical equilibrium (logKeq.) is a summation of

various interactions between the reaction center and the perturber. The various

interactions include electrostatic and resonance. Further, the electrostatic interaction

embodies the direct field, the indirect field and sigma induction effects.

Electrostatic Effect

      The electrostatic effect is a phenomenon of interaction of dipoles or charges of the

perturber with the dipoles or charges of the reaction center. 1, 10  The types of electrostatic
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Figure 6

K(eq)c is the critical equilibrium due to the unperturbed reaction center and δp is the

change due to interaction between the reaction center and the perturber. δele  and δres

are changes due to electrostatic and resonance interactions between the reaction center

and the perturbers and, of course, δele  comprises changes due to sigma induction, direct

and indirect field effects.
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effects that can occur between the perturber and the reaction center are direct field,

mesomeric field (also called pi-induction or indirect field) and sigma induction effects.

Direct Field Effect

      The direct field effect occurs when the dipole of the perturber interacts with the

dipole of the reaction center through space. 1, 10  Since the transition states for base and

general base-catalyzed hydrolyses of esters are positively charged, the dipole will

increase the hydrolysis rate constant for these reactions. In contrast, the transition state

for acid hydrolysis of esters is positively charged and the dipoles will decrease the

hydrolysis rate constant in this situation. The direct field effect due to the interaction

between dipoles of the reaction center and the perturber is demonstrated in the following

equation:

Where, ( δfield * logK(eq)c ) is the direct field effect due to the interaction between the

field of the perturber and the reaction center. ρfield  is the susceptibility of the reaction

center due to the field and is presumed to be independent of the perturber. 1, 10  σp is the

field strength that the perturber exerts on the reaction center and has been previously

calculated on ionization pKa. σp is further divided  into σcs  and Fs , which are

conduction descriptor and field strength of the perturber. The conduction descriptor (σcs)

accounts for the change that the conductor can bring about in the electrostatic interaction

to the reaction center and is the length dependence on interaction. The field strength (Fs)

is the dipole field parameter, which gauges the magnitude of the substituent dipole. 1, 9

ρfield σpδfield  * logK(eq)c = ρfield Σ σcs Fs .=
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Mesomeric Field Effect (MF)

      The mesomeric field is generated when an electron withdrawing or donating group

puts (or removes) the charges on the conductor R (figure 7). An electron withdrawing

group puts positive charges on the conductor, while an electron donating group puts the

negative charges.1, 9   Since the transition states of base and general base-catalyzed

hydrolyses are negatively charged, the electron withdrawing groups will increase the

hydrolysis rate constant because the induced positive charges on the conductor will

stabilize negative charges or electrons that may exist in the reaction center. On the other

hand, the induced negative charges have opposite effect. For acid hydrolysis of esters,

the MF effect due to induced positive charges is smaller compared to the MF effect in

base and general base-catalyzed hydrolyses because the transition state of acid

hydrolysis is positively charged. However, the induced negative charges will have larger

MF effect on acid hydrolysis than in base and general base-catalyzed hydrolyses for the

same reason. Further, the MF effect due to interaction between either the electron

withdrawing or donating group with the reaction center is shown in the following

equation.

Where, (δMF * logK(eq)c ) is the mesomeric field effect due to the interaction between the

induced charges on the conductor and the reaction center.  ρele  is the susceptibility of the

reaction center, which is independent of the substituent. The MF is the mesomeric field

constant that is characteristic of the substituents and it describes the ability of the

substituent to induce the field in the pi-system. It has been previously calculated in

ρele MF  qRδMF * logK(eq)c = = ρele MF  Σ(qik/rkc)
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Figure 7

The figure 7 shows possible distribution of positive charges on the conductors R1 and

R2.
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ionization pKa.  qR describes the location and the relative charge distribution in

conductor and it is further factored into qik and rkc. qik  is the charge induced at atom k

with a reference probe attached at atom I and is calculated using PMO theory. 1, 10     rkc

is the through cavity distance between the charge and the reaction center.1, 10  The MF

contribution also depends upon where the conductor is hooked to the reaction center. If it

is hooked to the carbonyl carbon, the distance between the charge and the reaction center

is smaller than if it is hooked to the oxygen. To illustrate, we have calculated the MF

contribution for alkaline hydrolysis of ethyl p-nitrobenzoate to be 0.32 log-unit

compared to 0.03 log-unit for alkaline hydrolysis of p-nitrophenyl acetate under the

same conditions.

Sigma Induction Effect

      The sigma induction occurs due to the difference in electronegativity between the

reaction center and the substituents.1, 10   For base and general base-catalyzed hydrolyses

the reaction center has a large electronegativity and methyl substituents, for example,

will move charge or electrons into the reaction center and decrease the hydrolysis rate

constant. The acid reaction center, on the other hand, is found to be less electronegative

and the perturbations are always quite small. The sigma induction is effective only up to

two atoms away from the reaction center and beyond the second atom it is assumed to be

negligible.  The sigma induction due to electronegativity difference between the reaction

center and the perturber is calculated using the following equation.

ρele Σ (χc−χs).δsigma * logK(eq)c =
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Where, (δsigma * logK(eq)c  ) is the sigma induction effect due to electronegativity

difference between the reaction center and the perturber and ρele  is the susceptibility of

the reaction center due to field. χc and χs  are the electronegativity of the reaction center

and the substituents respectively.1  The χs  terms were previously calibrated using

ionization pKa.

Resonance Effect

      Resonance is a phenomenon of pi-electrons moving in or out of the reaction center. It

plays two important roles in ester hydrolysis. The major impact is that of resonance

stabilization of the leaving group. Thus pi-network attached to the oxygen of the ester

reaction center have a pronounced effect and greatly increase the hydrolysis rate. Pi-

network attached to the carbonyl tends to destabilize the leaving group, but the effect is

much smaller. The resonance effect is calculated from a following equation.

Where (δres * logK(eq)c  ) is the resonance effect due to interaction between the pi-network

in the perturber and reaction center. ρres is the susceptibility of the reaction center to the

resonance interactions. (∆q)c  is the fraction loss of NBMO (nonbonding molecular

orbital) charge from the surrogate reaction center calculated based on PMO theory. 1, 10

External Perturbation Model

      The external perturbation model describes the solvation, steric and temperature

effects and their contributions to the hydrolysis rate constant.

δres * logK(eq)c = * q
c

ρres
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Solvation Effect

      Solvation effect for ester hydrolysis includes hydrogen bonding and field

stabilization effects. The hydrogen bonding gauges the hydrogen acceptor effect (alpha)

and hydrogen donor effect (beta) of the esters, while the field stabilization describes the

effect of dielectricity upon the hydrolysis rate constant.

Hydrogen Bonding

      The hydrogen-bonding model for ester hydrolysis includes hydrogen acceptor effect

(alpha) and hydrogen donor effect (beta). The alphas and betas describe the difference in

solvation between the initial and transition states. If the transition state is more solvated

or stabilized than the initial state, the hydrolysis rate constant increases. The negatively

charged transition states of base and general base catalyzed hydrolysis are strongly

solvated or stabilized by alphas, while the betas tend to destabilize it. Thus, the alphas

are supposed to increase the hydrolysis rate constant and the betas decrease it. However,

the alphas not only solvate the transition states, but also solvate the attacking hydroxide

ion making the initial state more stabilized than the transition state (figure 8). Thus, the

alphas decrease the hydrolysis rate constant. On the other hand, the betas interact with

the alphas freeing up the hydroxide ions to react with the esters and it increases the

hydrolysis rate constant. For acid-catalyzed hydrolysis both the alphas and betas

stabilize the initial state more than the transition state. Therefore, they both decrease the

hydrolysis rate constant. Further, the alpha and beta contributions to the hydrolysis rate

constant from various mixed solvents depend on the amount of alphas and betas

available in those solvents. To illustrate, pure water solvent has equal alpha and beta,

while the mixed solvents have less alpha and more beta. Consequently, the alpha
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Figure 8

The effect of alphas on initial and transition states. The alphas tremendously solvate the

hydroxide ion and stabilize the initial state more than the transition state. As a result, the

alphas decrease the hydrolysis rate constant during ester hydrolysis.
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contribution from pure water to hydrolysis rate constant in base and general base

catalyzed hydrolysis should be lower or more negative than from the mixed solvents.

The beta contribution, on the other hand, should be higher in mixed solvents than in pure

water. The mathematical expressions for alpha and beta are given below.

Where, Alpha is the hydrogen acceptor effect of the esters, CA is the data-fitted

parameter for hydrogen donor effect, alpha is the hydrogen donating value of the

solvent, Fb6 is the data-fitted parameter for the volume of alpha of the solvent, Volume

is the volume of alpha of the solvent and Tk  is the temperature in Kelvin. Further, Beta is

the hydrogen donor effect of the ester, BA is the data-fitted parameter for the hydrogen

donor effect, beta is the hydrogen acceptor value of the solvent and Tk is the temperature

in Kelvin.

Field Stabilization Effect

      The field stabilization effect includes the dielectric constant term. The dielectric

constant describes the solvation of initial and transition states of the reactants in the

hydrolysis of esters. The dielectricity of the solvents solvates or stabilizes the initial state

more than the transition state. Thus, it decreases the hydrolysis rate constant. Comparing

dielectricity effect on hydrolysis rate constant in different mixed solvents, we observe

dielectricity or field stabilization effect to be higher or less negative in pure water than in

Alpha = CA ** alpha Tk1 - Fb6 * Volume

Beta = BA * beta Tk
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other mixed aqueous solvents. The reason for this phenomenon is that the high

dielectricity of pure water stabilizes the transition state more than by the mixed solvents,

which have less dielectricity.   The mathematical expression for the field stabilization

effect is given below.

Where, CFS is the data-fitted parameter for the field stabilization, Tk is the temperature in

Kelvin and Damp is the adjustment factor.

Steric Effect

      The normal trend for steric effect is that as the bulkiness of the substituents increases

the steric effect increases. Thus, the steric effect always decreases the hydrolysis rate

constant. Comparing the steric effect on hydrolysis rate constant in various solvents, we

observe the trend of lesser steric effect in pure water than in other mixed solvents. The

reason for this trend is that pure water solvates the substituents more and aligns the

structure of the esters in suitable position for the attacking hydroxide ion or water

molecule. On the other hand, the mixed aqueous solvents partially solvate the

substituents and deform the structure of esters, which creates the hindrance to attack

from the hydroxide ion or water molecule. Thus, the reaction does not proceed in normal

rate and the hydrolysis rate constant decreases. The mathematical expression for steric

effect is given below.

Field stabilization = CFS ** 1e6 Tk Dielectric Damp+
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Where, CS is the data-fitted parameter for the steric term, Volume is the steric volume of

the substituents and Damp is the adjustment factor.

Temperature Effect

      For temperature effect, we use the Arrhenius equation as shown below.

Where k is the hydrolysis rate constant, A is the pre-exponential factor or the frequency

factor, Ea is the activation energy (the minimum energy required to form a product from

the reactants), ∆G≠ is the activation Gibbs energy, R is the gas constant (8.31451 JK-1

mol-1) and T is the temperature in Kelvin. If we take a log of the above latter equation,

we obtain log k = - ∆G≠/ 2.317(RT ). The previous equation shows that the logarithmic

rate constant increases as the temperature in Kelvin increases. The temperature effect is

incorporated in field stabilization effect, alpha, beta and steric effect. To illustrate, we

consider the temperature term in expression for steric effect above. According to the

expression, as the temperature increases the steric effect decreases. The reason behind

this trend is that as the temperature increases the reactants tend to mimic gas phase

structure, which shows minimal or null steric effect for hydrolysis of esters.

OR k = e-(  G/RT)k = A e-(Ea/RT)

Steric = CS ** Volume Tk Dielectric Damp+
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CHAPTER 3

SPARC COMPUTATIONAL MODEL FOR HYDRATION EQUILIBRIA

Hydration Model

      The computational model of hydration equilibria for aldehydes/ketones and

quinazolines incorporates the pKa and Henry constant computational models. The pKa

computational models are used to calculate the effects of resonance, mesomeric field,

direct field, steric, etc. on the hydration reaction calculated. For detailed information on

these effects, please, refer to reference 1. These various effects are perturbation terms.

That is, appended molecular structures (the perturbers) perturb the reactivity of the

reference compounds, which are formaldehyde and quinazoline for hydration of

aldehydes/ketones and quinazolines, respectively.  For the resonance contribution to the

hydration equilibrium:

Where, Res(hydration)  is resonance contribution to the hydration equilibrium of

aldehydes/ketones or quinazolines, Res(ald/quin) is the magnitude of NBMO (Non Bonding

Molecular Orbit) delocalization out of the reaction center for aldehydes/ketones or

quinazolines from the pKa resonance model, Res(reference)  is this same resonance value for

the reference compound (formaldehyde or quinazoline) and ‘Zres’ is a data fitted or

trained parameter. The rest of the perturbation terms for hydration of aldehydes/ketones

and quinazolines are calculated similarly. All the perturbations are assumed to be for gas

phase hydration of the molecule. This was done to make the calculation in mixed solvent

Res(hydration) = (Res(ald/quin) -  Res(reference) )* Zres.
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system easier to do. On the other hand, the Henry constant model predicts the Henry

constants for aldehydes/ketones, quinazolines and their hydrated forms.

      The various free energies calculated in determining the hydration of a ketone/aldehyde

are shown in figure 9. Here, ∆Ghydration(g)  is the free energy for hydration of

aldehydes/ketones in the gas phase, and its value is calculated by adding the perturbations as

described earlier. ∆Gtransfer(o) is the free energy of transfer of the hydrated form (the gem-

diol).  ∆Gtransfer(=o) is the free energy of transfer of the aldehyde/ketone and ∆Ghydration(l) is the

resultant free energy of hydration of aldehyde/ketone in solution. The resultant free energy

(∆Ghydration(l) ) is related to the hydration equilibrium constant by a following equation:

Where R, T and Khydration(l) are gas constant, temperature in Kelvin and hydration

equilibrium constant respectively. pKhydration(l) is the logarithmic hydration equilibrium

constant. The hydration equilibrium constant for quinazolines is calculated similarly.

Ghydration(l)  = -RT lnKhydration(l)

pKhydration(l)  =        Ghydration(l) / (2.33 * RT).
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Figure 9

A thermodynamic Cycle involving various free energies, while determining the

hydration equilibrium constant of a aldehyde/ketone.
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CHAPTER 4

EXPERIMENTAL

Data Collection

      For our calculational simulations, we have collected as many data as possible. The

number of experimental measurements for hydrolysis of esters is reasonable. We have

653, 657, and 150 measurements for base, acid and general base-catalyzed ester

hydrolysis. However, we have collected only 37-aldehydes/ketones and 28-quinazolines

measurements for the hydration constants. We believe we have found all the

measurements in the literatures for the hydration of these compounds.

Data File

      After collecting the data, we convert these measurements into a format suitable for

batch processing by the SPARC calculator. A sample data file is shown in figure 10.

Four lines describe the molecule’s conditions and the calculation type. The first line

characterizes the reaction solvent specifying a list of volume fractions and a list of

corresponding solvents that make up the reaction medium. The second line describes the

experimental ester hydrolysis rate constant in log-unit and the temperature at which the

hydrolysis took place. The third and the fourth lines give the molecular structure in

SMILE notation and type of mechanism for the hydrolysis, respectively. For example,

the ‘a_rcor’ in the fourth line means that the reaction mechanism for hydrolysis is acid-

catalyzed.
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Figure10

A data file for hydrolysis of esters.



[[1],[water]].  % 1
['-3.97/25'].
'CC(=O)OCC'.
a_rcor.

[[0.7,0.3],[acetone,water] % 377
['-4.83/25'].
'CCOC(=O)Cc1ccccc1'.
a_rcor.

[[0.25,0.75],[dioxane,water]].  % 499
['-4.46/25'].
'CC(=O)OCCl'.
a_rcor.

[[0.75,0.25],[ethanol,water]].  % 234
['-2.24/25'].
'CCOC(=O)Cc1c(I)cccc1'.
rcor. % base hydrolysis

[[0.33,0.67],[acetonitrile,water]].  % 314
['-1.25/25'].
'c1ccccc1C(=O)Oc2ccccc2'.
rcor.

[[1],[water]].  % 37
['-7.08/25'].
'CC(=O)Oc1cc(N(=O)=O)c(N(=O)=O)cc1'.
g_rcor. % general base hydrolysis
water. % catalyst

[[0.4,0.6],[ethanol,water]].  % 137
['-3.66/25'].
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Training File

      A training file is a modified version of the data file. The training file is used to train

various reaction center susceptibility parameters, such as field, resonance and sigma to

obtain a best least squares fit of the observed and calculated hydrolysis rate constants. A

sample training file is shown in figure 11. The training file usually consists of three

sections. The first section gives the number of hydrolysis rate constant calculations to be

performed. The second section is a list of the various reaction center susceptibility

parameters being trained. Finally, the last section consists of description of molecular

structure, conditions and reaction type as in the data file.

Jacobian Least Squares Fit

      We use a non-linear Jacobian Least Squares Fit method to extract training

parameters, such as sigma, resonance, steric, alpha, beta, and so on, while determining

the hydrolysis rate constant of esters. The Jacobian Least Squares Fit calculation

involves the determination of ∆φ, Jij, J, JT and ∆C. ∆φ is a vector representing the

difference between the observed and calculated hydrolysis rate constants. Jij is an

element of the Jacobian matrix, i = 1, 2, 3,……m are the experimental data points and j

= 1, 2, …..n are the parameters to be extracted. J is the Jacobian matrix of the Jij

elements and JT is the transpose of Jacobian matrix J. ∆C is a correction factor for the

parameter to be extracted, which is given an arbitrary guess. 9
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Figure 11

A sample training file



*First section

363.

*Second section

[
     [a_rcor,b2_factor,1,1],
     [a_rcor,b3_factor,1,1],
     [a_rcor,rcor_mf_adjust,1,1],
     [a_rcor,r_pi,1,1],
     [a_rcor_,pka_ro_minus,1,1],
%% [a_rcor,pka_ro_minus,1,1],
%  [a_rcor,pka_a_f,1,1],
%%  [a_rcor,pka_pe,1,1],
     [a_rcor,b5_factor,1,1],
     [a_rcor,reference_point2,1,1]
].

*Third section

['Acid Hydrolysis',[1],[water]].  % 1
25.
-3.97.
'CC(=O)OCC'.
a_rcor.

['Acid Hydrolysis',[1],[water]].  % 2
25.
-4.04.
'CCC(=O)OCC'.
a_rcor.
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Determination of ∆φ

      The ∆φ vector is determined as follows. We make initial guesses of the parameters to

be trained. Using these initial guesses and the models described above we calculate the

hydrolysis rate constants for a large set of molecules. The ∆φ vector is calculated for the

m experimental data points as follows:

Whe

cons

Dete

      T

Whe

resp

the e

Sinc

calc
( ∆φ )i   =  Ratei(observed)  - Ratei(calculated) 
9

re Ratei(observed) and Ratei(calculated) are the observed and calculated hydrolysis rate

tants for the m experimental data points respectively.

rmination of Jij

he Jij represents the elements of Jacobian Matrix J, and it is denoted as:

re, δ denotes partial derivative of the ith calculated hydrolysis rate constant with

ect to the jth parameter. For example, if we extract two parameters Beta and Steric,

lements of Jacobian matrix will be as follows:

e the above equations do not represent the exact analytical expressions for

ulating the hydrolysis rate constant, the partial derivative of the hydrolysis rate

Jij
δRatei

δCj
=

9

Ji1
δRatei

δCBeta
=

Ji2
δRatei

δCSteric
= .
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constant cannot be performed directly and a numerical solution must be chosen. For the

numerical solution, for example, the CBeta parameter is changed by 5 %, while CSteric is

kept unchanged or constant for every cycle. That is, δCBeta  =  0.05 * CBeta. Then

(CBeta)modified  is calculated as follows: (CBeta)modified  =  CBeta +  δCBeta. Using the

(CBeta)modified  value, the new or modified hydrolysis rate constant ( Ratei(modified) ) can be

calculated. Then δRatei  is calculated as follows:  δRatei  =  Ratei - Ratei(modified). The

matrix element Ji1 is then calculated as the ratio of δRateI / δCBeta. Similarly, the matrix

element Ji2 is calculated for CSteric parameter provided that the CBeta parameter is changed

back to its original value and kept constant. 9

      For m experimental data points, the Jacobian matrix elements Ji1 and Ji2  are calculated

as follows 9  :

Determination of Jacobian matrix J and JT

      The Jacobian matrix J is defined as m * n elements 9, while JT is simply a transposed

matrix of J. The JT matrix is formed by interchanging the rows and columns of the J

J11
δRate1

δCBeta
=

J21
δRate2

δCBeta
=

J31
δRate3

δCBeta
=

δRatem

δCBeta
=

J12
δRate1

δCSteric
=

J22
δRate2

δCSteric
=

J32
δRate3

δCSteric
=

Jm2
δRatem

δCSteric
=Jm1

.

.

.

.

.

.
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matrix. 9  Then ( JT * J ) matrix is constructed as follows 9 :

Next, an inverse matrix, ( JT * J )-1, is formed. The ( JT * J )-1 is formed in such a way so

that the multiplication of ( JT * J ) and ( JT * J )-1 gives a unique matrix. 9

JT * J =

J11

J21

J31

Jm1

J12

J22

J32

Jm2

.

.

.

.

.

.

J11 J21 J31 .  .  . Jm1

J12 J22 J32 .  .  . Jm2

JT

J

Σ (Ji1)2
=

Σ (Ji1* Ji2)

Σ (Ji2)2Σ (Ji2* Ji1)

J =

J11

J21

J31

Jm1

J12

J22

J32

Jm2

.

.

.

.

.

.
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Then (JT *  ∆φ ) matrix is formed as follows 9 :

Determination of ∆C

      The ∆C vector is determined using an expression: ∆C = ( JT * J )-1  * (JT *  ∆φ ). 9

The multiplications generate the following elements of the ∆C matrix:

(JT * J)-1 =
Σ (Ji2)2 − Σ (Ji1* Ji2)

Σ (Ji1)2− Σ (Ji2* Ji1)

J11 J21 J31 .  .  . Jm1

J12 J22 J32 .  .  . Jm2

(JT * ∆φi ) =

∆φ1

∆φ2

∆φ3

∆φm

.

.

.

∆φ

JT

=
Σ ( Ji1  *  ∆φi )

Σ ( Ji2  *  ∆φi )

(∆C)  =
Σ ( Ji1  *  ∆φi )

Σ ( Ji2  *  ∆φi )

Σ (Ji2)2 − Σ (Ji1* Ji2)

Σ (Ji1)2− Σ (Ji2* Ji1)

(JT * J)-1 (JT * ∆φi )

(∆CBeta)  = Σ ( Ji1  *  ∆φi ) Σ ( Ji2  *  ∆φi )∗ Σ ( Ji2)2 ∗ Σ ( Ji1* Ji2)

(∆CSteric)  = Σ ( Ji2  *  ∆φi ) Σ ( Ji1  *  ∆φi )∗ Σ ( Ji1)2 ∗ Σ ( Ji2* Ji1)
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Where, ∆CBeta  and  ∆CSteric are corrections for arbitrary guesses ( CBeta )old and (CSteric)old

respectively. The new guesses for the parameters can then be calculated as follows:

Where  ( CBeta )new and (CSteric)new are new values for the parameters Beta and Steric

respectively. Once the new values for the parameters are calculated, the convergence test

is done to see if the newly calculated values are reasonable. The convergence test for

Jacobian Least Squares Fit method requires that the difference between the old and new

parameters be less than 0.1 % of the old value. 9 For example, if we were calculating the

CBeta parameter, the convergence test would have to satisfy following condition:

If the above condition is met, the new value for CBeta parameter gets accepted.

Otherwise, the above cycle is repeated until the new value for CBeta parameter is

converged.

(CBeta)new  = +  (∆CBeta)(CBeta)old

(CSteric)new  = +  (∆CSteric)(CSteric)old

(CBeta)new (CBeta)old < 0.001 * (CBeta)old
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CHAPTER 5

RESULTS AND DISCUSSIONS FOR HYDROLYSIS

      Tables 5-7 show observed versus calculated values for hydrolysis rate constants of

esters in base, acid and general base catalyzed hydrolysis respectively. These sets

represent 321, 416 and 50 unique esters in base, acid and general base catalyzed

hydrolysis of esters respectively. Because several of the esters were measured under

different conditions (solvent mixtures and temperatures) there were 653, 667 and 150

base, acid and general base catalyzed calculations performed. The RMS values obtained

for these three mechanisms are 0.37, 0.37 and 0.35 log-units respectively. To show how

the SPARC calculates each ester’s hydrolysis rate constant, we have provided sample

calculations for the hydrolysis rate constants for ethyl p-nitrobenzoate and p-nitrophenyl

acetate. The calculations are described below.

Sample Calculation

      Figures 12-14 show the sample calculations of hydrolysis rate constant for ethyl p-

nitrobenzoate in base and acid catalyzed media and p-nitrophenyl acetate in general base

medium at room temperatures. As described earlier in the SPARC computational model

section, the hydrolysis rate constant is a summation of contributions from the reference

rate, internal perturbations and external perturbations.
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Figure 12

A sample calculation for determination of hydrolysis rate constant for alkaline

hydrolysis of ethyl p-nitrobenzoate in water at 25C.
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Figure 13

A sample calculation for determination of hydrolysis rate constant for acid catalyzed

hydrolysis of ethyl p-nitrobenzoate in 60% ethanol-water at 80C.



R
ef

er
en

ce
 R

at
e 

  =
  P

re
-e

xp
 +

 L
og

T k
 +

 R
ef

1 
+ 

R
ef

2 
/ T

k

   
   

   
   

   
   

   
   

   
= 

 3
.3

57
  +

 L
og

(3
53

.1
5)

 +
 1

.1
61

 +
 (-

25
09

.1
 / 

35
3.

15
)

   
   

   
= 

 -0
.0

41

R
at

e (
In

te
rn

al
 P

er
tu

rb
at

io
n)

  =
 R

es
on

an
ce

 +
 S

ig
m

a 
+ 

Fi
el

d 
+ 

M
F 

+ 
r_

pi

   
   

   
   

   
   

   
   

   
   

   
 =

 -0
.2

95
 +

 (-
0.

15
4)

 +
 (-

0.
04

2)
 +

 0
.1

47
 +

 (-
0.

97
7)

   
   

   
   

   
 =

  -
1.

11
6

R
at

e (
Ex

te
rn

al
 P

er
tu

rb
at

io
n)

 =
 F

ie
ld

 S
ta

bi
liz

at
io

n 
+ 

A
lp

ha
 +

 B
et

a 
 +

 S
te

ric

   
   

   
   

   
 =

  -
0.

29
7 

+ 
(-

0.
65

9)
 +

 (-
0.

79
2)

 +
 (-

1.
55

2)

   
   

   
   

   
 =

  -
3.

30
2

C
al

cu
la

te
d 

R
at

e 
 =

  -
4.

45
9

O
bs

er
ve

d 
R

at
e 

 =
 -4

.5
4

N
O

2
CO

O
C

C
H

+

60
%

 e
th

an
ol

-w
at

er
 a

t 8
0C

, A
A

C2

N
O

2
CO

O
H

+ 
   

 H
O

C
C



51

Figure 14

A sample calculation for determination of hydrolysis rate constant for neutral hydrolysis

of p-nitrophenyl acetate in water at 25C.
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Reference Rate

      The reference rate is a summation of pre-exponential factor in log units, the log of

temperature in Kelvin, the entropic (Ref1) and the enthalpic (Ref2/Tk) terms in log units.

The reference rates for base and acid catalyzed hydrolysis of ethyl p-nitrobenzoate are

0.951 and -0.041 log-units (figures 12 and 13) respectively and  –9.096 log-unit for

general base catalyzed hydrolysis of p-nitrophenyl acetate (figure 14).

Internal Perturbations

      The internal perturbations are summation of resonance, sigma, r_pi, direct field and

indirect field (MF) interactions. The r_pi interaction term has not been described earlier.

It is similar to sigma induction, except it involves the pi-electrons instead of sigma

electrons. The internal perturbations for ethyl p-nitrobenzoate in base and acid catalyzed

hydrolysis are –0.842 and –1.116 log-unit respectively, while 0.622 log-unit for p-

nitrophenyl acetate in general base catalyzed hydrolysis. The analyses of various internal

perturbation interactions, which contribute to the total internal perturbation, are

described below.

Resonance Effect

      The total forward resonance effects are -0.134 and –0.295 log-units for hydrolysis of

ethyl p-nitrobenzoate in base and acid catalyzed media. That is, the resonance

contributions are negative and decrease the hydrolysis rate constant because the phenyl

ring attached to the alkyl side of the esters increases the activation energy. In contrast,

the total forward resonance is 0.722 log-unit for hydrolysis of p-nitrophenyl acetate in

general base catalyzed medium. The huge positive contribution and resulting increase in
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hydrolysis rate constant is due to stabilization of the leaving group by the phenyl ring

and decreases the activation energy.

Sigma Induction

      The total sigma induction is -0.905 and -0.154 log-units for hydrolysis of ethyl p-

nitrobenzoate in base and acid catalyzed media respectively. Since the reaction center in

the base catalyzed hydrolysis is more electronegative than in the acid catalyzed

hydrolysis, we see more negative contribution from the ethyl group in the base than in

the acid catalyzed hydrolysis. In addition, we observe –1.865 log-unit contribution from

sigma for general base catalyzed hydrolysis of p-nitrophenyl acetate because the methyl

substituent is attached directly to the highly electronegative reaction center. That is, the

methyl substituent attached to the alkyl side does not encounter shielding from the

oxygen atom and the sigma induction effect is enhanced more than if it is attached to the

acyl side.

Direct Field

      The direct field (F) is 0.319 and -0.042 log-units for base and acid catalyzed

hydrolysis of ethyl p-nitrobenzoate respectively, while it is 0.346 log-unit for general

base catalyzed hydrolysis of p-nitrophenyl acetate. Since the transition states of the base

and general base catalyzed hydrolysis of esters are negative, the field always contributes

positively to the internal perturbations. In contrast, the field contributes negatively to the

internal perturbations for acid catalyzed hydrolysis because of the positive transition

state that occurs during the hydrolysis reaction.
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Pi-Induction (MF or Indirect Field)

      The pi-induction or indirect field (MF) is 0.647 and 0.147 log-units for hydrolysis of

ethyl p-nitrobenzoate in base and acid catalyzed media respectively and it is 0.513 log-

unit for hydrolysis of p-nitrophenyl acetate in general base catalyzed medium. The MF

contributions are positive in all three catalyzed media and increase the hydrolysis rate

constant because the induced positive charges on the phenyl ring stabilize the charged

transition states. In addition, we see large positive values for the base and general base

catalyzed hydrolysis because of the negative transition states that occur during the

hydrolysis reactions for these mechanisms. The induced positive charges on the phenyl

ring enhance the stabilization of the negative transition states more.  In contrast, the

small positive value for acid catalyzed hydrolysis is due to the positive transition state

that occurs during the hydrolysis reaction and diminishing stabilization of it.

r_pi Effect

      The r_pi effect is similar to the sigma induction, except it involves the pi-electrons

instead of the sigma electrons. In addition, our SPARC computational model for r_pi

divides the reaction center (C(=O)O) into e+ (carbonyl carbon) and e- (acyl oxygen)

groups. If the substituent containing the pi-system is attached to the e+ group, the r_pi

effect contributes negatively or lowers the hydrolysis rate constant. In contrast, if the pi-

system is attached to the e- group, the r_pi increases the hydrolysis rate constant. That is

exactly what we observe for hydrolysis of p-nitrobenzoate and p-nitrophenyl acetate.

The r_pi effects are –0.770 and -0.977 log-units for base and acid catalyzed hydrolysis

of ethyl p-nitrobenzoate and 0.904 log-unit for general base catalyzed hydrolysis of p-

nitrophenyl acetate.
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External Perturbations

      The external perturbations are summation of Alpha, Beta, Field Stabilization, Steric

and GBC interactions. The GBC effect applies only to the general base catalyzed

hydrolysis of esters. The external perturbations for ethyl p-nitrobenzoate in base and acid

catalyzed hydrolysis are –0.382 and –3.302 log-unit respectively, while 0.355 log-unit

for p-nitrophenyl acetate in general base catalyzed hydrolysis. The analyses of various

external perturbation interactions, which contribute to the total external perturbation, are

described below.

Field Stabilization Effect

      The field stabilization effects are –2.843 and –0.297 log-units for hydrolysis of ethyl

p-nitrobenzoate in base and acid media respectively, while it is –4.530 log-unit for

hydrolysis of p-nitrophenyl acetate in general base catalyzed medium. The field

stabilization effect involves the dielectric constant of the solvent and in general it raises

the energy of the transition state more than the initial state. As a result, it lowers the

hydrolysis rate constant. However, comparing the pure water solvent with the mixed

aqueous-nonpolar solvents, we see that a higher dielectric constant increases the

hydrolysis rate constant. For example, if we calculate the hydrolysis rate constants for

base catalyzed hydrolysis of ethyl p-nitrobenzoate in aqueous-nonpolar mixed solvents,

we will observe values more negative than –2.843 log-unit. Similar trends occur for acid

and general base catalyzed hydrolysis of esters.
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Alpha Effect (Hydrogen Acceptor Effect of Esters)

      The Alpha effects are –1.559 and –0.659 log-units for hydrolysis of ethyl p-

nitrobenzoate in base and acid media respectively, while it is –0.736 log-unit for

hydrolysis of p-nitrophenyl acetate in general base catalyzed medium. For base and

general base catalyzed hydrolysis, the alphas of the solvent not only solvate the

hydrogen acceptor site (β) of the ester, but also solvate the attacking hydroxide ions.

This phenomenon stabilizes the initial state more than the transition state. As a result, we

see negative contribution from Alpha to the external perturbations. For the acid

catalyzed hydrolysis, the alphas of the solvent stabilize the initial state more than the

positively charged transition state; therefore, we also see negative contribution from the

Alpha to the external perturbations.

Beta Effect (Hydrogen Donor Effect of Esters)

      The Beta effects are 5.311 and –0.792 log-units for hydrolysis of ethyl p-

nitrobenzoate in base and acid media respectively, while it is 7.173 log-unit for

hydrolysis of p-nitrophenyl acetate in general base catalyzed medium. For base and

general base catalyzed hydrolysis, the betas of the solvent interact less with the

hydroxide ions. This phenomenon stabilizes the transition state more than the initial

state. As a result, we see positive contribution from Beta to the external perturbations.

For the acid catalyzed hydrolysis, the betas of the solvent also destabilize the transition

state; therefore, we see negative contribution from the Beta to the external perturbations.
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Steric Effect

      The steric effects are –1.289 and –1.552 log-units for hydrolysis of ethyl p-

nitrobenzoate in base and acid media respectively and it is -0.781 log-unit for hydrolysis

of p-nitrophenyl acetate in general base catalyzed medium. The normal trend of steric

effect is that bulkier the substituents lower the hydrolysis rate constants. Since both ethyl

p-nitrobenzoate and p-nitrophenyl acetate have bulky phenyl rings, the steric effects

display huge negative values.

GBC Effect

      The GBC effect applies only to the general base catalyzed hydrolysis of esters. It is a

product of data-fitted parameter, ‘ro_g’, and pKa of the catalyst. More basic catalysts

have higher the hydrolysis rate constants. Since water is a weak base, we see –0.769 log-

unit contribution from the GBC effect to the external perturbations.

Graphical Representation

      Using a similar method described in the sample calculation, we have calculated the

hydrolysis rate constants for 321, 416 and 50 unique esters in base, acid and general base

catalyzed media in various solvents and at different temperatures. Because these

measurements are often made in more than one solvent and/or at more than one

temperature the total number of calculations for base, acid and general base catalyzed

hydrolysis are 653, 667 and 150 respectively.
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Base Hydrolysis

      The figure 15 shows the graph of observed and calculated hydrolysis rate constants

of 321 unique esters hydrolyzed in various solvents and different temperatures. The

observed RMS and R2 values for base catalyzed hydrolysis of esters are 0.37 log-unit

and 0.936 respectively. In addition, the graphs for base catalyzed hydrolysis in pure

water and individual mixed solvents have been constructed (figures 16-21). The mixed

solvents are acetone-water, ethanol-water, methanol-water, dioxane-water and

acetonitrile-water. All of the graphs show reasonable RMS and R2 values, except for

hydrolysis of esters in dioxane-water mixed solvents. The RMS and R2 values for

hydrolysis of esters in dioxane-water mixed solvents are 0.473 log-unit and 0.743

respectively. The values for the dioxane-water mixed solvents may be further off than

the other sets because this set contains many measurements at very elevated

temperatures. The observed values for hydrolysis rate constants in dioxane-water mixed

solvents show 0.5 log-unit increase per every 10 C increase in temperature, but our

SPARC calculation is showing only a 0.2- 0.3 log-unit increase of hydrolysis rate

constant per every 10 C increase in temperature. Therefore, the difference in increase of

hydrolysis rate constant per every 10 C increase in temperature between the observed

and calculated hydrolysis rate constants adds up quickly in the calculated hydrolysis rate

constant to give a significant error. This is probably due to the fact that we do not take

into account the variation of effective dielectric constant as a function of temperature. In

addition, SPARC was calculating the hydrolysis rate constants for pyridine esters in

ethanol-water and methanol-water mixed solvents one log-unit slower than the observed

hydrolysis rate constants. We believe that the reason SPARC is calculating the

hydrolysis rate constants of pyridine esters one log-unit lower than the observed
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Figure 15

Observed vs calculated hydrolysis rate constants for alkaline hydrolysis of 321 unique

esters in six different solvents and at varying temperatures.
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Figure 16

Observed vs calculated hydrolysis rate constants for alkaline hydrolysis of 112 unique

esters in water at various temperatures.
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Figure17

Observed vs calculated hydrolysis rate constants for alkaline hydrolysis of 100 unique

esters in acetone-water mixed solvent at various temperatures.
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Figure 18

Observed vs calculated hydrolysis rate constants for alkaline hydrolysis of 44 unique

esters in ethanol-water mixed solvent at various temperature.



-4-3-2-10

-4
-3

-2
-1

0
1

2
3

4
5

ob
se

rve
d 

log
k

calculated logk

RM
S 

= 
0.2

89
  lo

g-
un

it
R2  =

 0.
82

2
44

 u
ni

qu
e e

st
er

s
10

5 c
alc

ul
at

io
ns



68

Figure 19

Observed vs calculated hydrolysis rate constants for alkaline hydrolysis of 69 unique

esters in methanol-water mixed solvent at various temperatures.
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Figure 20

Observed vs calculated hydrolysis rate constants for alkaline hydrolysis of 57 unique

esters in dioxane-water mixed solvent at various temperatures.
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Figure 21

Observed vs calculated hydrolysis rate constants for alkaline hydrolysis of 24 unique

esters in acetonitrile-water mixed solvent at 25C.
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calculations is that the pyridine esters were also undergoing general base catalysis in

addition to the regular base catalyzed hydrolysis. If the pyridine esters were undergoing

mixed hydrolysis reactions, this would result in faster observed hydrolysis rate constants.

To overcome this one log-unit deficit for hydrolysis rate constants of pyridine esters, we

have added one log-unit to the calculated hydrolysis rate constants in our SPARC model.

Acid Hydrolysis

      The figure 22 shows the graph of observed and calculated hydrolysis rate constants

of 416 unique esters hydrolyzed in various solvents and different temperatures. The

calculated RMS and R2 values for acid catalyzed hydrolysis of these esters are 0.359 log-

unit and 0.893 respectively. In addition, the graphs for acid catalyzed hydrolysis in pure

water and individual mixed solvents have been constructed (figures 23-27). The mixed

solvents are acetone-water, ethanol-water, methanol-water and dioxane-water. All of the

graphs show reasonable RMS and R2 values.

General Base Catalyzed Hydrolysis

      The figure 28 shows the graph of observed and calculated hydrolysis rate constants

of 50 unique esters hydrolyzed in various solvents and different temperatures. The

calculated RMS and R2 values for general base catalyzed hydrolysis of esters are 0.371

log-unit and 0.96 respectively. In addition, the graphs for general base catalyzed

hydrolysis in pure water and individual mixed solvents have been constructed (figures

29-32). The mixed solvents are acetone-water, ethanol-water and dioxane-water. All of

the graphs show reasonable RMS and R2 values, except for esters in dioxane-water

mixed solvents. The RMS and R2 values are 0.473 log-unit and 0.664 and the reason for
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Figure 22

Observed vs calculated hydrolysis rate constants for acid catalyzed hydrolysis of 416

unique esters in five different solvents and at varying temperatures.
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Figure 23

Observed vs calculated hydrolysis rate constants for acid catalyzed hydrolysis of 373

unique  esters in pure water at varying temperatures.
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Figure 24

Observed vs calculated hydrolysis rate constants for acid catalyzed hydrolysis of 49

unique esters in acetone-water mixed solvent at varying temperatures.
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Figure 25

Observed vs calculated hydrolysis rate constants for acid catalyzed hydrolysis of 9

unique esters in ethanol-water mixed solvents at varying temperatures.
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Figure 26

Observed vs calculated hydrolysis rate constants for acid catalyzed hydrolysis of 13

unique esters in  methanol-water mixed solvent at varying temperatures.
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Figure 27

Observed vs calculated hydrolysis rate constants for acid catalyzed hydrolysis of 4

unique esters in dioxane-water mixed solvent at varying temperatures.
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Figure 28

Observed vs calculated hydrolysis rate constants for general base catalyzed hydrolysis of

50 unique esters in various mixed solvents and at varying temperatures.
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Figure 29

Observed vs calculated hydrolysis rate constants for general base catalyzed hydrolysis of

29 unique esters in water and at varying temperatures.
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Figure 30

Observed vs calculated hydrolysis rate constants for general base catalyzed hydrolysis of

19 unique esters in acetone-water mixed solvents and at varying temperatures.
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Figure31

Observed vs calculated hydrolysis rate constants for general base catalyzed hydrolysis of

2 unique esters in ethanol-water mixed solvents and at varying temperatures.
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Figure 32

Observed vs calculated hydrolysis rate constants for general base catalyzed hydrolysis of

9 unique esters in  dioxane-water mixed solvents and at varying temperatures.
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these inconsistencies are due to the outlier trichloroethyl acetate, which shows huge field

effect. If we remove this outlier, we obtain the RMS and R2 values of 0.333 log-unit and

0.931 respectively.

Solvation Effect

      Collecting data for different solvents in base, acid and general base catalyzed media,

we have observed the trend of Alpha, the hydrogen bond donor strength of the solvent,

to increase the activation energy and decrease the hydrolysis rate constant. In contrast,

the Beta, the hydrogen bond acceptor strength of the solvent, to decrease the activation

energy and increase the hydrolysis rate constant. These trends go contrary to what we

originally expected of Alpha and Beta. The results are summarized in Table 1 for

alkaline hydrolysis of esters. Water, with the largest alpha value lowers the hydrolysis

rate constant the most and acetone with the smallest alpha value decreases it the least.

Similarly, dioxane, with the largest beta value increases the hydrolysis rate constant the

most and acetone with the smallest beta value increases it the least. Similar trends are

observed in acid and general base catalyzed hydrolysis of esters (tables 2 and 3).

      In addition, we have observed the Field Stabilization term, which depends on the

dielectric constant of the medium. An increase in the dielectric constant stabilizes the

complex and increases the rate. Table 1 shows the Field Stabilization increasing the

alkaline hydrolysis rate constant with an increase in the dielectric constant or polarity of

the solvents. Water, with a dielectric constant value of 78.54 increases the hydrolysis

rate constant the most, while dioxane with a dielectric constant value of 2.2 increases it
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Table 1

Alpha, Beta, Field Stabilization and Steric effects on determining hydrolysis rate

constants for alkaline hydrolysis of ethyl acetate in six different solutions. The six

solutions are pure water and the rest are 50% water  and 50% listed solvents in the table.
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Table 2

Alpha, Beta, Field Stabilization and Steric effects on determining hydrolysis rate

constants for acid-catalyzed hydrolysis of ethyl acetate in five different solutions at 25C.

The five solutions are pure water and the rest are 50% water and 50% listed solvents in

the table.
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Table 3

Alpha, Beta, Field Stabilization and Steric effects on determining hydrolysis rate

constants for  water-catalyzed hydrolysis of ethyl acetate in four different solvents at

25C. The four solvents are pure water and the rest are 50% water and 50% listed

solvents in the table.
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the least. Similar trends are observed in acid and general base catalyzed hydrolysis of

esters (tables 2 and 3).

Temperature Effect

      We use the Arrhenius equation for the temperature effect, as described earlier in the

SPARC computational model. A general trend of temperature effect upon the hydrolysis

rate constant is that as the temperature in Kelvin increases the logarithmic hydrolysis

rate constant increases. The temperature effect is incorporated in field stabilization

effect, alpha, beta and steric effect of the SPARC computational model. Our SPARC

calculation shows 0.2 to 0.3, 0.3 to 0.4 and 0.3 and 0.4 log-units increase in hydrolysis

rate constants per 10-degree Kelvin/ Celsius rise in temperature for base, acid and

general base-catalyzed hydrolysis of esters respectively. Further, figures 33-35 show

effect of temperature upon various esters in base, acid and general base catalyzed

hydrolysis of esters respectively.

OUTLIERS

      The outliers in the context of hydrolysis of esters are defined as esters, whose

absolute difference in calculated and observed hydrolysis rate constant values exceeds

3RMS value. For example, we have observed seven outliers in our training set for the

alkaline hydrolysis of esters. They are (1-methyl-1-vinyl)-propyl acetate, 2-fluorenyl

benzoate, isopropenyl acetate at two different temperatures, methyl o-

(tertiary)butylbenzoate, diphenylmethyl benzoate and methyl p-trifluoromethylbenzoate.

We do not exactly know why (1-methyl-1-vinyl)-propyl acetate and isopropenyl acetate

stand out as outliers because all the other compounds with carbon-carbon double bond
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Figure 33

Temperature vs hydrolysis rate constants for alkaline hydrolysis of methyl benzoate in

80% methanol-water (circles), cyclopropyl acetate in pure water (triangles), and

cyclohexyl acetate in 70% acetone-water (diamonds). In addition, the solid figures

represent the observed values, while the empty figures represent the calculated values for

the hydrolysis rate constants.
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Figure 34

Temperature vs hydrolysis rate constants for acid-catalyzed hydrolysis of ethyl benzoate

in  60% ethanol-water (diamonds) and ethyl isohexoate in 70% acetone-water (circles).

In addition, the big figures represent the observed values, while the small figures

represent the calculated values for the hydrolysis rate constants.
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Figure 35

Temperature vs hydrolysis rate constants for neutral hydrolysis of chloromethyl

dichloroacetate in 50% acetone-water (triangles) and ethyl trifluoroacetate in  70%

acetone-water (diamonds). In addition, the solid figures represent the observed values,

while the empty figures represent the calculated values for the hydrolysis rate constants.
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and triple bond show consistent values for observed and calculated hydrolysis rate

constants. 2-fluorenyl benzoate and diphenylmethyl benzoate, on the other hand, may be

showing a steric effect problem. The former is showing smaller steric effect, while the

latter is showing huge steric effect. Similarly bulky molecules seem to be well handled

by our steric models and we have no explanation as to why these would show such large

deviations. The methyl o-(tertiary)butylbenzoate is an outlier by virtue of its anomalous

temperature behavior. Our calculation is showing a 0.2 to 0.3 log-unit increase in

hydrolysis rate constant per 10 C increase in temperature; however, the literature data for

this particular set is showing around a 0.6 log-unit increase per 10 C rise in

temperature.11  As a result, when the calculation is made at higher temperature, the

difference in increase between the calculated and observed hydrolysis rate constants

adds up quickly in the calculated hydrolysis rate constant to give a significant error.

Again the bulk of the observed hydrolysis rates do not show such a steep slope and are

more consistent with our calculated values.

      Similarly, we have observed two outliers for acid catalyzed hydrolysis of esters. The

major contribution to the rate differences is steric and our models do not reproduce the

observed values. In addition, we have excluded the chloro-esters from Tim and

Hinselwood’s data set because they are showing a huge field effect. That is, the field

effect due to the chlorine atoms is increasing the hydrolysis rate constants of chloro-

esters. This trend contradicts our SPARC model based on R. W. Taft (Jr.) and

Newman’s theory, which states that the field has negligible effect on the hydrolysis rate

constant of acid catalyzed hydrolysis of esters.12, 13  We have calculated the hydrolysis
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rate constants for these chloro-esters in table 4. The mono- and dichloro- esters are

showing acceptable values, but the trichloro-esters differ by 1.5 to 2 log-unit.

      Water catalyzed trichloroethyl acetate in 50% dioxane-water is the only outlier in our

training set for general base hydrolysis of esters. It is an outlier because it shows small

field effects. In addition, we have removed a data set by E.K. Euranto because the

observed values for similar compounds did not make sense. To illustrate, the observed

values for water-catalyzed chloromethyl acetate in 40% acetone, alphachloro-

betatrichloroethyl acetate in 50% acetone-water and alphachloroethyl acetate in 50%

acetone-water are –7.47, -8.4 and –4.96 log-units respectively.3, 14     However, we

believe that alphachloro-betatrichloroethyl acetate should have the largest positive

hydrolysis rate constant value among the above esters and then chloromethyl acetate

followed by alphachloroethyl acetate. Further, we have been selective while collecting

data from Koehler and et al.. 14   The reason for selecting the data, which fitted our

training set, is that the authors specifically state that the undergoing reactions in the

literature are nucleophilic. 14   However, we believe that the selected esters, which give

good measurements, are undergoing the general base-catalyzed hydrolysis. The ones,

which stand as outliers are definitely undergoing the nucleophilic reaction.
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Table 4

Excluded chloro-esters from Tim and Hinselwood’s data set. The observed and

calculated hydrolysis rate constants are measured in 60% ethanol-water solvent.
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CHAPTER 6

RESULT AND DISCUSSION FOR HYDRATION

      Tables 8 and 9 show observed versus calculated values for hydration equilibrium

constants of aldehydes/ketones and quinazolines respectively. These sets represent 37

aldehydes and ketones and 27 quinazolines. The RMS values obtained are 0.356 and

0.43 pK(hyd)-units respectively. To show how the SPARC calculates each compound’s

hydration equilibrium constant, we have provided sample calculations for the hydration

equilibrium constants for p-nitrobenzaldehyde and 5-nitroquinazoline. The calculations

are described below.

Sample Calculation

      Figures 36 and 37 show the sample calculations of hydration equilibrium constant

for p-nitrobenzaldehyde and 5-nitroquinazoline in pure water and at room temperature.

The hydration equilibrium constant is a summation of contributions from the Base,

Henry difference and perturbations. The Base is a data-fitted parameter and it is

calculated based on the observed pK(hyd) for the base compound and the calculated

Henry difference of the base and its diol or hydrated form. The base compounds are

formaldehyde and unsubstituted quinazoline for the hydration of aldehydes and

quinazoline compounds respectively. The Henry difference is simply a difference of

Henry constant values between the aldehydes/ketones or quinazolines and their

respective hydrated forms. The perturbations represent various interactions, such as
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Figure 36

A sample calculation for determination of hydration equilibrium constant  of  p-

nitrobenzaldehyde in water at 25C.
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Figure 37

A sample calculation for determination of hydration equilibrium constant of  5-

nitroquinazoline in water at 25C
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resonance, direct field, indirect field (MF), r_pi, steric, etc. between the substituents and

the base compound. They are described below.

Perturbations

      The perturbations are summation of interactions such as resonance, direct field, MF,

r_pi, steric, and so on. The perturbations for p-nitrobenzaldehyde and 5-nitroquinazoline

are 3.27 and -1.54 pK(hyd)-units respectively. The analyses of various interactions,

which contribute to the total perturbation, are described below.

Resonance Effect

      The total forward resonance effects are 0.5 and 0.01 pK(hyd)-units for hydration of

p-nitrobenzaldehyde and 5-nitroquinazoline respectively. That is, the resonance is

decreasing the hydration equilibrium constant of p-nitrobenzaldehyde because the pi-

electrons from the phenyl ring can easily delocalize to the positive carbonyl carbon

reaction center. This phenomenon increases the activation energy for hydration reaction

and lowers the hydration equilibrium constant. Similar trend is observed for hydration of

quinazolines and the pi-electrons are delocalized to the positive carbon reaction center at

the 4th position. Since the 5-nitroquinazoline shows a negligible resonance interaction

with respect to the unsubstituted quinazoline, we observe minimal resonance

contribution of 0.01 pK(hyd)-unit from it.

Direct Field

      The direct fields are –0.75 and -1.22 pK(hyd)-units for hydration of  p-

nitrobenzaldehyde and 5-nitroquinazoline respectively. That is, the field is increasing the
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hydration equilibrium constant for both aldehydes and quinazolines. The field creates a

strong dipole between the field substituent and the positive reaction center resulting in

increase reactivity of the reaction center. This phenomenon lowers the activation energy

for hydration reaction and increases the hydration equilibrium constant.

Indirect Field (MF)

      The indirect fields (MFs) are -0.5 and -0.31 pK(hyd)-units for hydration of p-

nitrobenzaldehyde and 5-nitroquinazoline respectively. The MF is increasing the

hydration equilibrium constant for both aldehydes/ketones and quinazolines. The

induced positive charges generated by electron-withdrawing nitro group neutralizes any

negative charges present in the reaction center. This phenomenon lowers the activation

energy for hydration of aldehydes/ketones and quinazolines and increases the hydration

equilibrium constant. In contrast, the electron-donating groups should decrease the

hydration equilibrium constant.

r_pi Effect

      The r_pi effects are 2.6 and 0 pK(hyd)-units for hydration of p-nitrobenzaldehyde

and 5-nitroquinazoline respectively. The r_pi effect is decreasing the hydration

equilibrium constant of p-nitrobenzaldehyde, while it is showing no effect for 5-

nitroquinazoline. The r_pi effect induces negative charges to the positive carbonyl

carbon reaction center of the p-nitrobenzaldehyde and reduces the reactivity of the

reaction center. This phenomenon increases the activation energy for hydration reaction

of p-nitrobenzaldehyde and lowers the hydration equilibrium constant. Similar trend is

observed for hydration of quinazolines if the r_pi interaction should exist. However, 5-
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nitroquinazoline shows negligible r_pi interaction with respect to the unsubstituted

quinazoline.

Steric Effect

      The steric effects are 1.42 and 0 pK(hyd)-units for hydration of p-nitrobenzaldehyde

and 5-nitroquinazoline respectively. The rule of thumb is that the steric effect always

decreases the hydration equilibrium constant. As a result, we see 1.42 pK(hyd)-unit

decrease in hydration equilibrium constant from hydration of p-nitrobenzaldehyde

because a bulky p-nitrophenyl substituent is attached to the base compound,

formaldehyde. On the other hand, the nitro substituent has no effect upon the base

compound, the unsubstituted quinazoline. In addition, the steric effects are most

effective at 2nd , 4th and 5th position of quinazoline for hydration of quinazolines.

Graphical Representation

      Using a similar method described in the sample calculation, we have calculated the

hydration equilibrium constants for 37 aldehydes/ketones and 27 quinazolines in water at

room temperature. The figures 38 and 39 show the observed and calculated values of

hydration equilibrium constants for aldehydes/ketones and quinazolines respectively.

The R2 and RMS values are 0.927 and 0.356 for aldehydes/ketones, while 0.74 and 0.43

for quinazolines. The higher R2 and RMS value for quinazoline set is due to four

trifluoro-quinazolines, which show larger difference between the observed and

calculated values.
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Figure 38

Observed vs calculated hydration equilibrium constants for hydration of  36

aldehydes/ketones in water  at  25C.
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Figure 39

Observed Vs calculated hydration equilibrium constant for 27 unique quinazolines in

water at 25C.
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Outliers

      There were no outliers for hydration of aldehydes/ketones and quinazolines. For

hydration of aldehydes/ketones, however, we have removed 1,2-cyclohexanedione and

methyl glyoxal from M. R. Montoya and J. M. Rodriguez Mellado’s data set. 16   1,2-

Cyclohexanedione’s observed value is –2.06 pK(hyd) 15, but we believe that its observed

value should be same as or close to the observed value of 3,4-hexanedione, which is –0.31

pK(hyd). 16  Similarly,  we expect the observed value of methyl glyoxal, which observed

value is -3.1 pK(hyd)-unit 15 , to be close to diacetyl’s observed value,  –0.28 pK(hyd.)-unit.

16  In addition, we have selected the observed values of 9-acridinium-CHO and 2, 3, and 4-

pyridinium-aldehydes instead of the observed values of 9-acridine-CHO and 2, 3, and 4-

pyridine-aldehydes 17, 18 because the values obtained under acidic condition fit better in our

training set than the values obtained under the neutral condition.
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CHAPTER 7

CONCLUSION

      The SPARC calculator uses the chemical reactivity and physical interaction models

to predict the chemical reactivity parameters and physical constants of organic

compounds respectively. It has been successful in measuring the pKa, electron affinity

and various physical constants, such as molecular polarizability, molecular volume,

solute/solvent interaction, dispersion interaction, activity coefficient, vapor pressure,

Henry’s constant, unified retention index, and so on. Using the same SPARC chemical

reactivity and physical interaction models, we have been successful in calculating the

hydrolysis rate constant for esters in various solvents and at different temperatures. In

addition, we have also successfully calculated the hydration equilibrium constants for

aldehydes/ketones and quinazolines in water at room temperature.
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