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Mechanistic insights into lysine-targeting covalent inhibition through a theoretical study of ester aminolysis

Development of targeted covalent inhibitors in drug design has a broad and important interest and many efforts are currently being made in this direction. Targeted covalent inhibitors have special relevance in oncology due to the possibilities they offer to overcome the problems of acquired resistance. In recent experiments, lysine-targeting has been envisaged for the irreversible inhibition of the heterodimeric lipid kinase phosphoinositide 3-kinase delta (PI3Kδ). Activated esters have been evaluated and shown to be promising inhibitors of this enzyme, but the reaction mechanisms display specificities that

are not yet fully understood. In the present work, we have carried out a theoretical study of the aminolysis reaction of model esters in aqueous solution to gain insights into the corresponding biological processes. We have found that phenolic esters bearing electron-withdrawing groups are particularly reactive. The predicted mechanism involves the formation of a tetrahedral zwitterionic intermediate, which dissociates into an alkoxide and a protonated amide, this charge separation being the driving force for the subsequent proton transfer and final product formation. Structure-reactivity relationships are reported and shown to be a useful tool for evaluating potential inhibitor candidates.

Introduction

Chemical reactions leading to the formation of amide bonds are of paramount importance in synthetic organic chemistry, polymer chemistry, prebiotic chemistry, biochemistry, or drug discovery. [1][START_REF] Greenberg | The Amide Linkage: Structural Significance in Chemistry[END_REF][START_REF] Hughes | Amino Acids, Peptides and Proteins in Organic Chemistry[END_REF][START_REF] Knochel | Comprehensive Organic Synthesis: Second Edition[END_REF][START_REF] Kumari | [END_REF][6][7][8] In this regard, one of the most interesting reactions is the aminolysis of esters (reaction 1), which allows generating the amide functional group in a wide range of domains, going from material synthesis to biosynthetic routes. [8][9][10][11] When the acetyl group is involved (R 1 =-CH 3 ), the reaction is also called N-acetylation, and in proteins it may occur either on N-terminal aminoacids or on internal lysine residues. The first process is typically catalyzed by N-terminal acetyltransferases, 12 while the second is usually catalyzed by lysine acetyltransferases, but can also proceed non-catalytically. 13 (1)

R 1 COOR 2 + R 3 NH 2 →R 1 CONHR 3 + R 2 OH
Covalent conjugation with lysine residues in proteins through reaction (1) has recently received attention as a potential process for developing targeted covalent inhibitors (TCIs) in drug design. Indeed, the use of TCIs represents an extremely promising approach in medicinal chemistry [14][15][16][17][18][19] especially after the emergence of new methods that allow minimizing the risks related to possible toxicological issues. 14 TCIs have attracted a lot of interest in oncology because of the ability to circumvent problems of acquired resistance. Inhibitors targeting cysteine residues in kinases have principally been investigated, [14][15][16][20][21][START_REF] Jones | Annual Reports in Medicinal Chemistry[END_REF][START_REF] Gehringer | Topics in Medicinal Chemistry[END_REF][START_REF] Abdeldayem | [END_REF][25][26] but due to limited applicability with human kinases, lysinetargeting covalent inhibitors have been explored as a possible alternative with encouraging results. 27 Though targeting covalent combination with lysine is challenging owing to the usual protonation state of this residue at physiological pH, Dalton et al 28 have demonstrated the feasibility of the approach. The authors have investigated the kinome-conserved lysine as a possible target for the selective and irreversible inhibition of the heterodimeric lipid kinase phosphoinositide 3-kinase delta (PI3Kδ). A number of selective reversible inhibitors for this enzyme are already used in clinical trials for the treatment of relapsed follicular B-cell non-Hodgkin lymphoma, or relapsed chronic lymphocytic leukemia, 25,26,[28][29][30][31] but covalent inhibition opens new perspectives. Based on previous works aiming at optimizing indazole inhibitors of PI3Kδ for the treatment of respiratory diseases, 31 Dalton et al 28 have proposed the use of activated esters as electrophiles, and have conducted a kinetics study comparing the phenolic esters shown in Scheme 1.
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From their results, the multi-step mechanism indicated in Figure 1 has been proposed, which is slightly more complicated than the traditional two-steps mechanism for TCI. The first step consists of the usual reversible, non-covalent binding of the inhibitor to the enzyme active site. Then, the ester adds to the kinase Lys779 forming a covalent tetrahedral zwitterionic intermediate. This reaction step, assumed also to be reversible, is expected to be affected by the nature (e.g. pK a ) of the leaving phenolic alcohol. The subsequent two steps involve 1) proton loss to form an anionic unstable intermediate, assumed to be the rate determining step, and 2) irreversible, fast breakdown of this intermediate to form the products. The measured K I has been found to depend on the leaving group, while the measured k inact has been shown to be little affected by the nature of the ester. The authors concluded that K I encompasses the first two steps, while k inact combines the last two. Obtaining a more in depth understanding of the underlying biochemical mechanism is an important goal that can help optimizing the inhibitor efficiency. In this respect, advanced molecular modeling techniques represent a unique tool to elucidate the microscopic details of the reaction mechanism, and the combination of theoretical calculations with experimental kinetic data should certainly be key for rapid progress in the field. The mechanism of amide bond formation through ester aminolysis, reaction (1), has been the subject of many theoretical studies in the past using different models and approaches, and possible pathways have been analyzed. [32][33][34][35][36][37][38][39][40][41][42][43][44][45] However, the mechanism of the aminolysis of activated esters in aqueous solution is not yet fully understood, despite some experimental studies. [46][47][48][49][50][51] Some theoretical calculations are available in acetonitrile solution, 35,41,42 but the reaction mechanism is arguably different in this case since the formation of zwitterionic intermediates was ruled out under these conditions, whereas such process is expected to play a central role in aqueous solution. However, modeling in aqueous environment is more challenging and complicated because of the handicaps in theoretical characterization of the zwitterionic and ion-pair species. In the present work, our aim is to get a deeper insight into the reaction mechanism of the aminolysis of PI3Kδ inhibitors (Scheme 1) in aqueous solution, since Lys779 (the residue targeted by the inhibitors) is located near the water accessible surface. 28 Though the reaction in water is expected to present variations with respect to the reaction in the PI3Kδ enzyme, the qualitative trends found for the series of ester derivatives should provide useful insights into the important factors that govern the inhibition process. We first study the reaction mechanism of some model systems, namely, methylamine (CH 3 NH 2 ) with phenyl acetate (PA) and 4-nitrophenyl acetate (or p-nitrophenyl acetate PNPA). Methyl acetate (MA) has also been considered for comparison, and as a reference to evaluate the efficiency of phenyl derivatives, as done in PI3Kδ experiments. 28 We assume a combined discrete-continuum model for the water solvent similar to that used before by Gorb et al 52 for a related fundamental reaction (formamide hydrolysis), which reported results in excellent agreement with experimental kinetics data. Similar models have been used by other authors for other aminolysis processes. 38,39,44,53,54 We will then analyze the results in terms of the electronic properties of the leaving group trying to get some qualitative correlation with the experimental data for the series of model esters summarized in Scheme 2. Finally, the potential implications of our results for the improvement of inhibitor efficiency will be discussed.
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Computational methods

In our study, we have considered a combined explicit-implicit, or discrete-continuum solvation model. Specifically, we have included five explicit water molecules in the chemical system, and we use the polarizable continuum solvation model (PCM, assuming the static dielectric constant of water) to account for long-range solvation effects. The explicit-implicit solvation model has been chosen after some preliminary test computations and is similar to that used in related previous studies 52 . The inclusion of explicit water molecules is compulsory to correctly describe the mechanisms involving zwitterionic and charged species. Previous studies have shown that when a pure continuum solvation model is used, only neutral species based mechanisms are found, 41,45,55 and the same applies for explicit-implicit models using a very small number of explicit waters (see for instance Yang et al. 38 ). Some detailed studies on zwitterion stability as a function of explicit water molecules number have been reported. 39 Explicit consideration of five water molecules appears to be a good compromise between accuracy and computational cost. 44 In our computations, the initial position of the water molecules has been chosen based on the most plausible locations to form hydrogen-bonds with the reactants, as well as using data reported in previous studies for related systems. 39,44,56 In most cases, we have explored different orientations, in particular to describe proton transfer elementary steps. In these cases, the possibility for direct and water assisted reactions has been contemplated. Geometry optimizations, frequency and intrinsic reaction coordinate 57 (IRC) calculations have been performed by means of density functional theory (DFT) based methods at B3LYP 58 /6-311+G(d,p) level of theory. Electronic energies have been improved through single-point energy computations at the MP2 59 /aug-cc-pVTZ levels on B3LYP/6-311+G(d,p) optimized geometries. Zero-point energy and thermal contributions calculated at the B3LYP/6-311+G(d,p) level where then added to these refined electronic energies to obtain total free energies (we assume a reference state 1M at T=298K). The nature of the stationary points, minima or transition structures (TS), was checked by a frequency analysis (zero or one imaginary frequency, respectively). The minima joined by each transition structure were determined through the IRC computations followed by full geometry optimization. Our solvation model does not allow describing proton transfers to bulk water in detail since we use an implicit model for longrange interactions. The relative energy of the process can be estimated by using the experimental free energy of the hydrated proton, as described in the supporting information of Ref 60 (G aq (H + ) = -270.28 kcal/mol, reference state 1M). In addition, we have computed the free energy profile for the explicit proton transfer to water molecules in the first shell, forming a tetrahedral ion pair T -…(H 3 O) + , which can be considered to be the first step in the proton transfer to the bulk water solvent. Electrophilicity indices for the various ester molecules have ⍵ been calculated at the B3LYP/6-311+G(d,p) level in gas phase as: 61 (2)

⍵ = μ 2 η
where the chemical potential , and the chemical hardness, , μ η are approximated given as:

(3) μ = 1 2 ( ɛ HOMO + ɛ LUMO ) (4) η = ( ɛ LUMO -ɛ HOMO )
All calculations have been carried out by Gaussian09 software package. 62 The default integration grid for DFT-based computations in Gaussian 09 (fine grid) has been used.

Results and discussion

We first present and discuss in detail the mechanisms for the reaction of methylamine with MA, PA, and PNPA esters. We have explored the potential energy surface trying to locate all the relevant stationary points to determine the possible pathways. These calculations have been guided by the results of previous studies on different esters 34,35,45,47,48,63,64 . The different pathways found are shown in Figure 2. The nomenclature used thorough the paper for the different species is defined in the Figure caption. All mechanisms start by the formation of a non-covalent reactant complex (RC), which then evolves to the characteristic covalent tetrahedral intermediate exhibiting a zwitterionic structure, T  (Figure 2a). This T  species results from the formation of a covalent bond between the N atom of the amine and the C atom of the ester COO group. We have also explored the potential energy surface corresponding to a direct addition of the amine N-H group to the ester C=O or C-OR bonds, leading respectively to the formation of a neutral tetrahedral intermediate or the final products, but the computations for the three esters considered failed to locate any transition states for these hypothetical reaction pathways. From T  , four main mechanisms (A-D) have been found, with some variants and specificities depending on ester derivative, as described in detail below. Figure 2b presents them schematically. Mechanisms A-C correspond to those usually expected for the aminolysis of non-activated esters, which all start with a proton transfer from the N atom but differ in the proton acceptor. The latter can be the water solvent (mechanism A), the negative O - atom (mechanism B), or the leaving OR group in T  (mechanism C). In mechanism A (proton transfer to water), an anionic form of the tetrahedral intermediate (T -) is formed, which then dissociates to the amide (AM) and to the alkoxide anion (AL -). Finally, the alkoxide captures a proton from the medium to form the alcohol (AL). Mechanism A parallels that proposed in the experimental study of the PI3K inhibitors. 28 In mechanism B, the proton transfer leads to the formation of a neutral form of the tetrahedral intermediate (T 0 ), from which the system evolves to the final amide and alcohol products by subsequent proton transfer, from OH to OR group. In mechanism C, the proton transfer to OR leads in a single step to the amide (AM) and alcohol (AL) final products. In our study, a fourth mechanism, called hereafter mechanism D, has been found in the case of activated phenolic esters. In Please do not adjust margins Please do not adjust margins contrast to mechanisms A-C, which starts with a proton transfer, mechanism D starts by the heterolytic dissociation of the C-OR bond in the T  species forming an ion pair between the N-protonated amide (AM + ) and the leaving alkoxide (AL -). As the incipient ion pair is being formed, the reaction proceeds (in a more or less concerted way depending on derivative) by the proton transfer between the two moieties, either directly or through water molecules, which allows reaching the amide (AM) and alcohol (AL) products. The free energy profiles for the studied reaction with MA, PA, and PNPA, are presented in Figures 345, respectively. The most relevant structures are drawn in Figures 678. The cartesian coordinates of all the systems are provided as supplementary electronic information (Tables S1-S3), as well as the details on the thermodynamic energy calculations (Tables S4-S6), and the imaginary frequency obtained for the transition structures (Table S7). In the description of the mechanisms, we use numbers as subscripts to differentiate between different conformations of a particular structure (e.g. , , , ,

T 0 1 T 0 2 T ± 1 T ± 2 etc.
), or between different transition structures (e.g. TS 1 , TS 2 , etc.). will always represent the tetrahedral intermediate T ± 1 structure reached from RC, while TS(RC-) is the transition T ± 1 structure joining them. Note that, in mechanism A, the TS structures for proton transfer to/from bulk water cannot be located in our model, and for this reason, the corresponding reaction paths will be indicated as dashed lines in the Figures below. Likewise, for mechanism B in the case of PA and PNPA, the TSs leading to the formation of PC from ion-pair intermediates could not be located, and dashed lines are used in those cases too. Nevertheless, as shown below, the mechanisms A and B have high barriers in other steps of the overall reaction pathway, and thus can be excluded as favorable mechanisms. For simplicity, TSs structures between different configurations/conformations of the same intermediate or product have not been searched. Note finally that, strictly speaking, in RC (reactant complex) and PC (product complex) there is not always a direct interaction between the ester and amine reagents, or between the amide and alcohol products. For MA (Figure 3), mechanisms of type A, B and C have been found. Two possibilities have been considered for mechanism A, depending on the location of the proton, first solvation shell or bulk water. In the first case, the ion pair T -…H 3 O + can evolve to form the neutral intermediate ( and from this point the T 0

3 ) reaction is like mechanism B. In the second case, the proton has been fully transferred to the bulk and the reaction proceeds through dissociation of the remaining T -intermediate, forming the amide product (AM) and the alkoxide anion (AL -), which then captures the proton to form the alcohol (AL). Despite the possible errors introduced by combining MP2 and experimental energies for estimating the stability of the T -structure (see the methodology section), it seems reasonable to conclude that mechanism A is more likely to occur via : this mechanism can T 0 3 be described as a variant of mechanism B in which the proton transfer from N to O -occurs in a stepwise, water-assisted way. In all mechanisms A, B and C, transition structures displaying high-energy (25 kcalmol -1 or larger) are present somewhere along the reaction paths, suggesting a low reaction rate for the aminolysis of MA, as experimentally found. 65 The reactions with the activated phenolic esters PA (Figure 4) or PNPA (Figure 5) displays a significantly different landscape compared to MA. Mechanism C joining T ± to the products directly has not been found in these cases. A variant of Mechanism B has been found for these esters where the dissociation of T 0 to AM…AL is not concerted (as in MA) but proceeds via an ion-pair intermediate (AM + O …AL -) involving the O-protonated amide and the alkoxide. It displays significantly lower activation energies compared to MA. Mechanism A has
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Please do not adjust margins also been found, but as for MA, it does not appear to be a favorable pathway. An important result obtained in our study is that the intermediate T -is not stable for the activated PNPA ester. Indeed, when the zwitterionic tetrahedral intermediate T ± is deprotonated, the system spontaneously dissociates to form the alkoxide and the amide. A T -…H 3 O + ion pair intermediate has been located, however. Mechanism D, which was not found for MA, is a stepwise analog of Mechanism C and appears to be the most favorable pathway for the phenyl derivatives, especially for PNPA. The highest TS in this mechanism lies at about 15 kcal/mol (TS 14 ) for PA and only at about 7.7 kcal/mol (TS 19 ) for PNPA. 311+G(d,p) level. For simplicity, the whole reaction path has been separated into two graphs, from RC to T ± , and from T ± to the products. Please do not adjust margins Please do not adjust margins the nitro group in the phenyl ring considerably enhances the process, 3) though the same mechanism type holds for PA and PNPA, the bottleneck in the two free energy profiles is different, being final proton transfer for PA (TS 14 ), and zwitterion formation (TS(RC-T ± )) or C-O bond dissociation (TS 19 ) for PNPA, 4) the stability of the zwitterionic intermediates follow the order MA<PA<PNPA, and 5) the reactions are exergonic, with higher reaction energy (in absolute value) in the same order, MA<PA< PNPA. Since mechanism D involves the formation of an alkoxide intermediate, the acidity of the corresponding alcohol is expected to be key in determining the type of the aminolysis reaction pathway. Maude et al 66 have reported an experimental study of the alcohol pK a influence on aminolysis reactions in acetonitrile, and found that a change of mechanism intervenes at pK a around 8-9. Our computations confirm a change of mechanism in water too, possibly at a slightly higher pK a value, since we found different pathways for MA (pK a =15.2) and PA (pK a =9.95) or PNPA (pK a =7.15). Dalton et al 28 tried to relate the inhibitor activity and the alcohol pK a and reported a subtle relationship. Roughly, they found that K I is dependent on the leaving group pK a , while k inact is basically independent. This finding was interpreted as the fact that the zwitterionic intermediate will proceed rapidly to the products in an irreversible way.

To get a deeper insight into the relationship between ester properties and reactivity, we have carried out further computations for the esters in Scheme 2, as models for the inhibitor candidates in Scheme 1. Two main properties have been computed for these esters, namely, the electrophilicity index  of the ester in gas phase (B3LYP/6-311+G(d,p)) and the free energy difference G between RC and the zwitterionic intermediate T ± in water (MP2/aug-cc-pVTZ//B3LYP/6-311+G(d,p), same water model as in the calculations presented above). Figure 10 displays the correlations between calculated and experimental properties. Since the experimental k inact appears to be very similar for the different esters, the correlations have been done using the second order rate constant k inact /K I , which is used to characterize irreversible inhibitors and should capture the global reactivity. As shown in Figure 10, and despite the limited number of available experimental data, we found that the whole set of inhibitor kinetic data and calculated ester properties separate into two different groups corresponding to phenolic derivatives bearing electron-donating (o,p-diMePh, p-MeOPh) or electronwithdrawing substituents (p-FPh, p-CF 3 Ph, p-NO 2 Ph), with phenol being in the crossing point. It is worth noting that the correlations of ln(k inact /K I ) with either  or G are quite similar, and indeed a comparable correlation is obtained when pK a is used instead of  or G (figure not shown), which is not surprising considering the strong interdependency between all these properties. Electron-donating groups usually have lower electrophilicity and higher pK a compared to electronwithdrawing groups. The split correlation found here (two straight lines intersecting at one point) is quite similar to the correlations found for Maude et al 66 between the measured rate constants of the aminolysis reactions in acetonitrile and the esters pK a . As in this later case, our study suggests that there is change in mechanism between the phenolic esters bearing electron-donating groups and those carrying electronwithdrawing groups, which strongly increase the inhibition kinetics. 

Conclusions

The analysis of the different aminolysis pathways of activated phenyl esters studied in our work reveals that the mechanism schematized in Figure 1 for PI3K inhibitors need to be revised.

Our calculations indicate that for sufficiently high electrophilic derivatives, such as PNPA, the main reaction coordinate following the formation of the zwitterionic tetrahedral intermediate is not proton transfer, as in mechanism A proposed before for PI3K inhibitors, but C-OR bond dissociation, leading to the formation of an ion pair AM + …AL -. The development of this important charge separation then provides the driving force for proton transfer and the formation of the final products, which takes place afterwards, along a rather flat free energy surface. This mechanism is in line with previous experimental studies in acetonitrile, which showed that a change of mechanism occurs for leaving groups with a sufficiently low pK a . Our study indicates that the most efficient inhibitors with phenolic leaving groups should correspond to derivatives bearing electron withdrawing substituents, which activate the ester favoring the formation of the starting zwitterionic intermediate and render the subsequent reaction steps easier. Overall, the experimental inhibitor efficiency has been found to be nicely correlated with the calculated electrophilicity of the ester, and with the stability of the zwitterion. Therefore, the calculation of these properties should be very useful to evaluate a priori the efficacy of other inhibitor candidates.

Obviously, the interactions with the enzymatic environment may modify the mechanisms described here in water solution.

Stabilization of the zwitterionic intermediate by electron acceptor residues such as aspartate can be envisaged, which could even be involved in the proton relay process. Future work will focus on the mechanistic aspects of the biological reactions, and the present results provide a very useful framework for exploring them.

Figure 1 .

 1 Figure 1. Reaction mechanism proposed by Dalton et al 28 for the covalent inhibition of PI3Kδ targeting Lys779 (adapted from Scheme S1 of their paper) illustrated in the case of a 4-fluoro phenyl ester. The measured K I was assumed to encompass the first two steps (top) and k inact the last two steps (bottom).
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Figure 2 .

 2 Figure 2. Reaction mechanisms for the ester aminolysis in water solution described in this paper: a) Formation of the pre-reactive complex RC and the zwitterionic tetrahedral intermediate T ± , b) Mechanisms A-D leading from T ± to the products. R is either the methyl, phenyl or p-nitrophenyl group. The following acronyms are used throughout the paper: RC=reactant complex, T ± = zwitterionic tetrahedral intermediate, T 0 =neutral tetrahedral intermediate, T -=anionic intermediate, AM + N =N-protonated amide, AM + O =O-protonated amide, AL - =alkoxide intermediate, PC=product complex, AM=amide product, AL=alcohol product. AM + O (shown in the bottom right part of the figure) is a structure appearing only in some variants of mechanism B (see text).

Figure 3 .

 3 Figure 3. Free energy profile obtained for the methylamine + MA reaction in water at the MP2/aug-cc-pVTZ//B3LYP/6-311+G(d,p) level. For simplicity, the whole reaction path has been separated into two graphs, from RC to T ± , and from T ± to the products.

Figure 4 .

 4 Figure 4. Free energy profile obtained for the methylamine + PA reaction in water at the MP2/aug-cc-pVTZ//B3LYP/6-311+G(d,p) level. For simplicity, the whole reaction path has been separated into two graphs, from RC to T ± , and from T ± to the products.

Figure 5 .

 5 Figure 5. Free energy profile obtained for the methylamine + PNPA reaction in water at the MP2/aug-cc-pVTZ//B3LYP/6-311+G(d,p) level. For simplicity, the whole reaction path has been separated into two graphs, from RC to T ± , and from T ± to the products.

Figure 6 .

 6 Figure 6. Main stationary structures along path C of MA aminolysis in water optimized at the B3LYP/6-311+G(d,p) level of theory.

Figure 7 .

 7 Figure 7. Main stationary structures along path D of PA aminolysis in water optimized at the B3LYP/6-311+G(d,p) level of theory.

Figure 8 .

 8 Figure 8. Main stationary structures along path D of PNPA aminolysis in water optimized at the B3LYP/6-311+G(d,p) level of theory..

Figure 9

 9 Figure 9 summarizes and compares the most favorable mechanisms found for the aminolysis of the three esters. For PA and PNPA, mechanism D is the most favorable one, as mentioned. In the case of MA, mechanisms B and C should present a comparable kinetics. We have chosen to represent mechanism C in this Figure since it is the concerted analog of mechanism D. This comparison enlightens several important facts: 1) the aminolysis reaction is considerably faster for the phenyl esters, compared to the alkyl ester, 2) the presence of

Figure 9 .

 9 Figure 9. Schematic representation of the most favorable reaction mechanisms for the aminolysis of MA, PA, and PNPA esters in water, as predicted by MP2/aug-cc-pVTZ//B3LYP/6-311+G(d,p) calculations. In this schematic representation, we have systematically considered the most stable conformation/configuration of the reaction intermediates and product complexes.

  

Table 1 .

 1 Comparison of calculated and experimental properties for selected esters. Calculated electrophilicity index in gas phase  in eV (B3LYP/6-311+G(d,p) level), zwitterion intermediate formation energy G in kcal/mol (MP2/aug-cc-pVTZ//B3LYP/6-311+G(d,p) level), and experimental pK a values[START_REF] Serjeant | Ionisation Constants of Organic Acids in Aqueous Solution[END_REF][START_REF] Slater | [END_REF] apply for the model esters shown in Scheme 2. Kinetic parameters28 K I (M), k inact (s -1 ) and k inact /K I (s -1 M -1 ) correspond to esters shown in Scheme 1.

	R		G	pK a	K I	k inact	k inact /K I
	o,p-diMePh	2.10	5.20	10.60	7.8x10 -6	0.0066	8.46x10 2
	p-MeOPh	2.12	4.67	10.05	2.2x10 -6	0.0068	3.09x10 3
	Ph	2.36	4.51	9.95	3.5x10 -7	0.0058	1.66x10 4
	p-FPh	2.65	3.31	9.89	2.6x10 -7	0.0055	2.12x10 4
	p-CF 3 Ph	3.30	3.15	9.39	2.5x10 -7	0.0070	2.80x10 4
	p-NO 2 Ph	5.88	1.38	7.15	4.0x10 -8	0.0075	1.88x10 5
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Please do not adjust margins Figure 10. Correlations between calculated and experimental ester properties collected in

Table 1 (see the Table for definitions).
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