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Electrophilic olefins can react with the S–H moiety of cysteine side chains. The formation of a 

covalent adduct through this mechanism can result in the inhibition of an enzyme. The reactivity of an 

olefin towards cysteine depends on its functional groups. In this study, 325 reactions of thiol-Michael-

type additions to olefins were modeled using density functional theory (DFT). All combinations of 

ethenes with hydrogen, methyl ester, amide, and cyano substituents were included.  An automated 

workflow was developed to perform the construction, conformation search, minimization, and 

calculation of molecular properties for the reactant, carbanion intermediate, and thioether products for 

a model reaction of the addition of methanethiol to the electrophile. Known cysteine-reactive 

electrophiles present in the database were predicted to react exergonically with methanethiol through a 

carbanion with a stability in the 30–40 kcal mol–1 range. 13 other compounds in our database that are 

also present in the PubChem database have similar properties. Natural Bond Orbital (NBO) parameters 

were computed and regression analysis was used to determine the relationship between properties of 

the olefin electronic structure and the product and intermediate stability. The stability of the 

intermediates is very sensitive to electronic effects on the carbon where the anionic charge is centered. 

The stability of the products is more sensitive to steric factors. 
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Introduction 

Enzyme inhibition through the reaction of a cysteine residue with an 

electrophile is a significant mechanism in toxicology and pharmacology [1-3]. A 

successful line of anti-cancer drugs has targeted active site cysteine residues of 

kinases [4]. These drugs can also modify cysteines in unrelated proteins, so off-target 

modification is a significant concern. A better understanding of properties needed for 

a compound to covalently modify a protein will facilitate the design of potent but 

selective irreversible inhibitors.  

A major class of cysteine-targeting covalent modifiers are electrophilic 

olefins. Established irreversible inhibitors like neratinib [5], FIIN-1 [6], and ibrutinib 

[7] feature acrylamide warheads, although acrylate [8] and acrylonitrile [9]  moieties 

have also shown cysteine-modifying activity (Scheme 1). In the development of 

selective covalent modifier drugs, medicinal chemists have frequently started from 

the scaffold of a drug that binds non-covalently and then added an electrophilic olefin 

substituent, referred to as the “warhead.”[2]   

The canonical mechanism for covalent modification of an electrophilic olefin 

begins with non-covalent binding to the target, such that the electrophile is positioned 

in the region of the deprotonated thiol moiety of the target cysteine. The second step 

is a Michael-type addition reaction, where the nucleophilic thiolate attacks the more 

electrophilic carbon of the olefin (Scheme 2) [10]. Conjugated addition then proceeds 

through formation of a carbanion at the intermediate α-carbon. This type of thiol-

Michael addition to an electrophilic olefin is also of significance in toxicology [1], 

organic synthesis [11], and materials chemistry [12,13]. 
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Scheme 1. Cysteine targeting covalent-modifier drug molecules with an electrophilic olefin warhead 

(red). 

 

Scheme 2. General reaction mechanism for thiol Michael-type addition to an alkene. 

The reactivity of the warhead can be understood from the stabilities of two 

key species: the carbanion intermediate and the thio-ether product [14]. The stability 

of the carbanion intermediate is proportional to the rate at which the addition occurs. 

The stability of the thio-ether product determines if the reaction will occur 

spontaneously and the degree to which the addition is reversible.  The stabilities of 
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the carbanion and products are quantified by ΔGint and ΔGprod, respectively (Scheme 

3). 
The reactivity of an olefin through this mechanism is very sensitive to the 

substituents of the alkene moiety, so these substituents must be chosen to confer the 

necessary reactivity towards the target without creating a promiscuous inhibitor. The 

degree of electrophilicity must be carefully adjusted; warheads should be reactive 

enough to achieve reaction with the target cysteine, but not so reactive that the 

inhibitor will make off-target modifications. A recent line of development by Taunton 

and coworkers optimized an electrophile reacting with its target reversibly in order to 

limit off-target modification [14,15]. 

Several studies have correlated calculated molecular descriptors of 

electrophiles to toxicological or pharmacological properties [1,10,16]. Descriptors 

calculated from Natural Bond Orbital (NBO) theory, such as electrophilicity, steric 

accessibility, and energy levels of olefin have been successfully correlated to the rates 

of thiol additions of electrophiles [16]. Although these studies are informative, their 

scope is hindered by the relatively small number of compounds for which there is 

experimental data. By using quantum chemistry to study the reactants, intermediates, 

and products involved in the thiol-Michael addition reaction profiles, a more 

comprehensive survey of substituent effects can be performed. 

Until recently, computational research into thiol-Michael additions has been 

limited. Recent studies have found valuable insights by modeling small numbers of 

addition reactions, but there are many thousands of other possible electrophiles 

[17,18]. Computational workflows have been developed to calculate if a molecule 

containing an electrophilic warhead has a geometry that can fit in the active site of a 

protein target when the cysteine adduct has formed, but these methods are based on 

mechanical models and cannot describe the relative reactivity of the warhead [15,19-

21]. A recent study by our group determined that many common DFT methods fail to 

correctly describe the carbanion intermediate and underestimate the stability of the 

products [22].This failure has limited the utility of standard DFT functionals. A 

newly developed class of range-separated DFT functionals correct this failure and 

creates the potential to use computational tools to predict the properties of large 

numbers of electrophilic warheads.  
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In this paper, we develop a computational workflow to compute the full set of 

olefins with substituents commonly used in pharmacology. We estimate the stabilities 

of the intermediate and products for the reaction of the electrophiles with a model 

thiol. Finally, electronic structure descriptors of the olefins are correlated to the 

stabilities of the intermediates and products to provide a predictive model for these 

energies and quantitatively determine how the properties of the reactant olefins affect 

them. 

A large dataset of electrophilic olefins was generated to provide estimates on 

their ability to function as irreversible inhibitors. The compounds examined vary in 

substituent groups at the ‘a’ and ‘b’ carbons (Scheme 3), which provides insight into 

the effects of these substituents on the thermodynamics of thiol addition reactions. 

We examined the effect of substituents on the four positions around a C=C 

double bond. The substituents include representatives of the major functional groups 

present in pharmaceutical electrophiles: hydrogen, methyl, methyl ester, N-methyl 

amide, and cyano. All combinations of these substituents were generated and 

analyzed by an automated procedure (see Computational Details). Except for 

symmetric olefins, the addition of methyl thiolate can occur at two distinct carbons, 

yielding two possible carbanion intermediates. The two possible thioether products of 

these intermediates were also computed. There were a total of 325 unique reactions 

after excluding reactions within this that are equivalent by symmetry. 

For each reaction, the reactant olefin was constructed and its properties were 

calculated using DFT. The structures, properties, and energies of the complexes 

computed in this study are tabulated in the supplementary information, referenced 

according to their PubChem ID where available. In the cases where there are two 

possible stereoisomers, the entries are cross-referenced and the isomer with the more 

stable intermediate and products are indicated. The trends in these computed 

properties are discussed in the following sections. 
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Scheme 3. The reactant, intermediate, and product species of the model thiol-addition reactions. 

Groups R1-4 = H, CN, CH3, C(=O)OCH3, C(=O)NHCH3 

General Properties of the Reaction Set 

Within the dataset, 194 of the 235 reactions were predicted to be exergonic, 

with net Gibbs energies of reaction ranging between –11.6 kcal mol–1 and 12.0 kcal 

mol–1. These moderate reaction Gibbs energies generally reflect the loss of entropy 

that occurs as the result of the addition and the modest strength of the C–S bond 

formed in the reaction. The carbanion intermediates had a broader range of stabilities. 

Minimum energy carbanion intermediates were identified for 254 of the 325 

reactions. The stabilities of these intermediates had a broad range, from –6.1 to 74.9 

kcal mol–1. 

Structure and Properties of Carbanions 

The carbanions generally had consistent structures. The length of the Cb–S 

bond varied in the 1.85–2.00 Å range, with the bond length tending to be longer in 

less stable intermediates. The Ca center, where the carbanion is localized, is planar. 

Bonds between this center and carboxylate, amide, or cyano substituents were 

typically in the 1.38–1.42 Å range, indicating delocalization of the anionic charge to 

these functional groups. This is apparent in a π Natural Bond Orbital (NBO) between 

Ca and the C of the carboxylate group of the acrylate carbanion (Figure 1). 
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Figure 1. The NBO corresponding to π delocalization of the carbanion to the electron withdrawing 

methyl ester group of the carbanion intermediate of the methylacrylate addition. 

The intermediate favors conformations where the S–CH3 bond eclipses the 

Ca–Cb bond because this orientation minimizes the electrostatic repulsion between the 

lone pair orbitals of the sulfur atom and the p-orbital on the ‘a’-carbon where the 

anionic charge is localized [23],  

 
This orientation effectively blocks one face of the intermediate from 

protonation, causing a kinetic preference for the anti stereoisomer of the product. As 

a result, we only considered the anti product in our calculations. 

The stability of the intermediate (ΔGint) ranged from –6.1 to 74.9 kcal mol–1, 

indicating that it is highly sensitive to the substituents. No potential energy minimum 

corresponding to the carbanion could be identified in 71 of the 325 reactions. These 

species are presumed to be incapable of undergoing a Michael-type addition with a 

thiol and would need to react through another mechanism, like a 1,2 σ-addition. Most 

of these reactions were additions to olefins that lacked an electron-withdrawing group 

at the ‘a’-position, such as ethene or propene (e.g. Table 1, entry 1).  
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Table 1. The stabilities of the methanethiol addition intermediate and products for selected olefins. 

Entry Olefin Intermediate Product 
ΔGint 

(kcal mol–1) 

ΔGprod 

(kcal mol–1) 

1  N/A  — –11.6 

102    
74.9 2.5 

159    
0.9 –3.1 

325 
   –6.1 0.6 

The reactions with the most stable carbanion intermediates were classical 

Michael-acceptors, where the carbanion can be delocalized through resonance with a 

conjugated functional group bound to the ‘a’-carbon. An example of this is the thio-

methylacrylate carbanion, which is resonance stabilized by its enolate form, 

 
The methyl ester, amide, and cyano groups are all capable of this type of 

resonance, so carbanions with these substituents at the ‘a’-position tend to be stable 

intermediates. 

In general, substitution at the ‘b’ position gave inferior intermediate stabilities 

when compared with simple hydrogen substitution. However, in most cases where 

substitution at the ‘b’-position was combined with methyl or hydrogen groups at the 

‘a’-position, intermediates reverted to a non-covalent reactant complex or were 

highly unstable. Olefins with electron withdrawing groups at the ‘b’ position tended 

to have very unstable carbanions (e.g. Table 1, entry 102), unless there were 

additional electron withdrawing groups at the ‘a’-position (e.g. Table 1, entry 159). 

Substitution with 3 or 4 electron-withdrawing groups yield very stable carbanion 

intermediates (e.g. Table 1, entry 325). 
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Trends in the Thio-Ether Products 

The net Gibbs reaction energies, ΔGprod, determined from the reaction of the 

electrophilic olefin with methanethiol to form the neutral thioether product, ranged 

from –11.6 to 12.0 kcal mol–1. In comparison to the wide variation found for the 

intermediates, the stability of the thioether product was less sensitive to the 

substituents. The most stable product was that of entry 1, where the reactant olefin 

was ethene. Broadly, the presence of electron withdrawing groups resulted in a 

decrease in stability of the thio-ether product. Reactions with compounds with 

multiple electron withdrawing substituents were generally endergonic or weakly 

exergonic. 

The cis and trans isomers of 1,2-disubstituted olefins show an interesting trend 

in the stability of the thio-ether products. When bulky substituents, such as amides or 

esters, are cis to another group, the reaction to form the thio-ether product was 

significantly more exergonic than for the trans isomer (Table 2). This can be 

attributed to steric repulsion between bulky substituents that are cis to each other. The 

addition of the thiol to the C=C bond allows these groups to rotate out of plane, 

reducing the repulsive interaction between them. This effect is greatest when both 

substituents are bulky, such as amides or esters. A smaller effect is apparent when 

one group is bulky and the second is a smaller group, like a cyano.  
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Table 2. Comparison of cis vs trans isomers on intermediate and product stabilities. The site of 

addition is indicated by an asterisk.  

Entry Olefin ΔGint 

(kcal mol–1) 

ΔGprod 

(kcal mol–1) 

51 

cis  

26.2 –11.1 

45 

trans 

 

32.1 –3.3 

172 

cis  

30.8 –6.7 

184 

trans 
 

34.7 –2.9 

No Correlation Between Carbanion and Product Stability 

The Gibbs energies of the intermediates and products (ΔGint vs. ΔGprod) for 

each reaction where an intermediate could be identified are plotted in Figure 2. The 

coefficient of determination (R2) is 0.03, indicating that there is essentially no 

correlation between these properties. These diverse pairings of kinetic reactivity and 

thermodynamic stabilities provide considerable opportunity for medicinal chemists to 

design an electrophilic warhead with an optimal kinetic and thermodynamic reactivity 

via its substituents. It also indicates that the substituent effects that yield stable 

intermediates are different than those that yield stable products. 
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Figure 2. Correlation between intermediate and product stabilities (R2=0.03). 

Connection to Chemical Stability 

Many of the olefins in our database contain multiple electron withdrawing 

groups and are therefore highly electrophilic. This high electrophilicity means that it 

may not be possible to synthesize some of these compounds and those that could be 

synthesized are likely to be insufficiently stable for use in a biological environment. 

We identified those that have been synthesized and characterized by checking if they 

have been entered in the PubChem database [24]. This analysis showed that only 81 

of the olefins in this test set are currently in the PubChem database. 

Olefins that lacked a PubChem ID tended to have very stable carbanions; of 

the 92 reactions that are predicted to undergo a spontaneous addition with 

methanethiol and have intermediate stabilities less than 20 kcal mol–1, only 12 

correspond to olefins that have PubChem IDs. Although these 12 compounds have 

been characterized, it is apparent that they are generally too electrophilic to be 

relevant in a biological environment; this list of compounds includes the powerful 

redox reagent tetracyanoethylene and methyl cyanoacrylate, which polymerizes on 

exposure to moisture. Based on these trends, we can define a rough rule that an 

electrophile with a carbanion intermediate stability of 20 kcal mol–1 or lower is 

probably too reactive to be used as the warhead of a selective therapeutic inhibitor. 

Our database also contains some known cysteine-reactive electrophiles. Dimethyl 

fumarate, N-methyl acrylamide, methyl acrylate, 2-butenenitrile, and methyl 

acrylonitrile have been shown experimentally to react with glutathione, a prototypical 

biological thiol [25-27]. Acrylamide warheads have also been used in covalent 

modifiers like FIIN-1 and ibrutinib. These compounds have intermediate stabilities 
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that range from 29.5 to 38.3 kcal mol–1 (Scheme 4). These examples suggest that 

electrophiles with intermediate stabilities in the 30–40 kcal mol–1 range are still 

reactive towards biological thiols but are not so reactive as to be immediately 

deactivated by other mechanisms. The stability of these thioether products is in the 

moderately-exergonic range (–3.4 ≤ ΔGprod ≤ –6.9 kcal mol–1). 

 

  

Scheme 4. Michael acceptors that have been shown experimentally to react with cysteine thiols. The 

calculated carbanion intermediate stability (ΔGint) and Gibbs energy of reaction (ΔGprod, in parenthesis) 

are given below the structures. All energies are reported in kcal mol−1. 
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Scheme 5. Database entries with PubChem IDs that exergonically react with methanethiol (ΔGprod < –

1 kcal mol–1) through a moderately stable carbanion intermediate (30 kcal mol–1 < ΔGint < 40 kcal mol–

1). The site of thiol addition is indicated by an asterisk when there is one stable addition route. The site 

of addition is indicated by an ‘a’ or ‘b’ when there are two possible sites for addition. 

 Based on these criteria, we identified 13 compounds in our database that are 

predicted to react exergonically with methanethiol  (ΔGprod < –1 kcal mol–1) and form 

intermediates with moderate stability (30 kcal mol–1 ≤ ΔGint ≤ 40 kcal mol–1). The 

structures and predicted energies of these compounds are presented in Scheme 5. 

Most of these compounds contain one electron-withdrawing group and one or more 

methyl groups, indicating that methyl-substitution of the olefin does not necessarily 

destabilize the intermediate or products to an excessive degree. Four others have 
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electron withdrawing groups on both the ‘a’ and ‘b’ carbons. These will typically 

form stable carbanions and products through addition at both sites. 

Selecting a warhead with a carbanion stability >40 kcal mol–1 would have the 

advantage of reducing the risk of promiscuous modification, but potentially at the 

cost of a slow reaction rate between the warhead and the target protein. One strategy 

to address this would be to design a drug with a less reactive warhead that binds to 

the target through strong non-covalent interactions. The non-covalent complex would 

eventually be converted to a covalent adduct, reducing the off-rate of the drug. Strong 

non-covalent interactions combined with a moderate rate of covalent modification 

were noted as key features of existing irreversible inhibitors of EGFR [28]. 

Alternatively, if the drug were designed to target active-site cysteine residues with 

low pKa’s, less acidic cysteines elsewhere in the organism would be less susceptible 

to modification. 

Linear Free Energy Relationships Between Reactant Descriptors and 
Intermediate/Product Stability 

To make more quantitative predictions about thiol-reactivity based on the 

electronic structure of the reactant olefin, five NBO properties were calculated for 

each olefin: the Natural Population Analysis (NPA) atomic charges of the two 

olefinic carbons (q(Ca) and q(Cb)), and three orbital energies of the olefin double 

bonds (Eσ, Eπ, and Eπ*). We also considered the HOMO-LUMO gap, ΔEπàπ*, and 

electrophilicity index, ω, as reactivity descriptors. The electrophilicity index is 

calculated from the NBO π and π* orbital energies using Eqn. 1 [29]. 

 
(1) 

   

Steric repulsion between the thiol and the substituents and the substituents 

with each other is another important factor in thiol-Michael additions. Molar 

refractivities are commonly used steric descriptors in QSAR studies that provide a 

measure of the volume and polarizability of a particular atom or group of atoms [30]. 

The steric interaction energies at the ‘a’ and ‘b’ carbon sites were quantified by using 

a sum of the defined molar refractivities for each individual substituent at the specific 

ω = Eπ
2 + 2EπEπ* + Eπ*

2

4 Eπ* − Eπ( )
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site (MRa and MRb, respectively). We also calculated the total steric repulsion 

between substituents cis to each other in the olefin reactant (Esteric). The Esteric term 

was calculated from the relative energy of the cis and trans isomers of the 1,2-

substituted olefins for each pair of substituents (Table 3). The total steric repulsion is 

calculated as the sum of these energies for pairs of the cis-oriented substituents in the 

olefin reactant.  

Table 3.  Calculated steric repulsive energy in olefins with cis-substituents by substituent pairs. All 

values are in kcal mol–1. 

Esteric -CH3 -C(=O)OCH3 -C(=O)NHCH3 -CN 

-CH3 0.92 2.14 2.25 −0.32 

-C(=O)OCH3 2.14 4.88 6.90 2.87 

-C(=O)NHCH3 2.25 6.90 3.60 1.48 

-CN −0.32 2.87 1.48 0.88 

Simple Linear Regression 

In our preliminary analysis, we performed simple linear regression to identify 

relationships between the product and intermediate stabilities and descriptors of the 

reactants. Regression analysis revealed limited correlation of both intermediate and 

product stabilities with any single parameter, with the best correlation yielding R2 

values of 0.52 and 0.21 for the intermediates and products, respectively (Table 4).  

Prediction of the carbanion stability using this type of simple linear 

correlation was moderately successful; Eσ, Eπ, ΔEπàπ*, and ω all have coefficients of 

determination (R2) values in the 0.48–0.52 range. The Eσ descriptor showed the 

strongest correlation, with an R2 of 0.52. The common feature of these parameters is 

that they are sensitive to the stability of the Ca–Cb bonding orbitals; olefins where 

these orbitals are destabilized by electron withdrawing groups tended to yield more 

stable carbanion intermediates. 

All parameters showed fairly weak correlation with product stabilities. The 

highest correlation was seen for q(Cb), but strength of the correlation was modest 

(R2=0.21). This correlation generally reflects that the Cb–S bond will be stronger if Cb 

is electron deficient. The orbital energies of the olefinic double bond, q(Ca), and the 

electrophilicity index (ω) are not strongly correlated to the stability of the products. 
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This is consistent with the lower sensitivity of the products to electronic effects. The 

stability of the products had a greater correlation to the steric effects of the 

substituents on the ‘b’-carbon (MRb) because there is a steric interaction between 

these groups and the thiol group in the products. 

 

Table 4. Coefficients of determination (R2) for linear regression analysis between the 

reactant descriptors and intermediate and product stabilities. 

Descriptors Coefficients of Determination 

(R2) for Predicted Property 

ΔGint ΔGprod  

q(Ca) 0.05 0.06 

q(Cb) 0.11 0.21 

Eσ 0.52 0.00 

Eπ 0.50 0.01 

ΔEπàπ* 0.48 0.01 

Eπ* 0.12 0.03 

ω 0.48 0.01 

Esteric 0.01 0.00 

MRb 0.03 0.13 

MRa 0.17 0.00 

 

Multiple Linear Regression 

In an attempt to find a model with greater correlation, multiple linear 

regression was performed on combinations of 2–10 of the descriptors. The 

intermediate and product Gibbs energies were expressed as a linear combination of 

the descriptors with coefficients as per Eqn. 2. The regression coefficients and 

coefficients of determination with the highest correlation are collected in Tables 5 

(intermediates) and 6 (products). 

ΔGint/prod = aCa + bCb + cEσ + dEπ + eEπ* + fEπ→π*

+gω + hEsteric + iMRa/b + j
 

(2) 
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The stability of the intermediate was predicted with reasonable accuracy using 

the Ca charge, ω, and the sum of substituent molar refractivities at the ‘a’-carbon 

(MRa), yielding an R2=0.83. This represents a significant improvement over the 

correlation with the Ca charge alone. Although the coefficient of determination is 

0.83, the stability of each intermediate was predicted with an error of less than 3 kcal 

mol–1 using this model. This suggests that the stability of the intermediate is most 

sensitive to the electrophilicity of the Ca=Cb bond and the steric and electrostatic 

properties of Ca. In comparison, the steric terms and the charge on the ‘b’-carbon 

were not as significant.  

The prediction of the stability of the thioether products using multiple linear 

regression proved to be more challenging. The best fit with 4 parameters (R2=0.63) 

included the atomic charges at both the ‘a’ and ‘b’-carbon as well as steric influence 

from both the cis isomer effect, Esteric, and ‘b’-carbon substituents, MRb (Table 4). 

Including additional terms made only small improvement on the quality of the fit 

(R2=0.66 when ω and Eπ* were also included). Generally, sterics are a more 

significant factor in the stability of the products than of the intermediates. 

The highest R2 value for the stability of products is still relatively poor 

compared to the performance of the model for the intermediate stability with fewer 

parameters. There were a greater number of products than intermediates in our data 

set because some intermediates could not be optimized, so we performed the 

correlation analysis again with only the products where an intermediate could be 

identified to provide a more direct comparison. The quality of this correlation 

remained relatively poor, indicating that the accurate prediction of the stability of 

thioether addition products would require the selection of different descriptors or the 

development of a more complex model. 

Table 5. Multiple linear regression coefficients and R2 values for calculated 

intermediate stability based on computed reactant properties. 
ΔGint 

(R2) 

a 

(q(Ca)) 

b 

(q(Cb)) 

c 

(Eσ) 

d 

(Eπ) 

e 

(Eπ*) 

f 

(ΔEπàπ*) 

g 

(ω) 

h 

(Esteric) 

i 

(MRa) 

j 

0.84 60.51 12.65 −328.58 331.31 468.00 0 49.75 −0.63 −1.67 −144.46 

0.83 60.42 11.23     −644.11 −0.29 −1.66 93.77 

0.83 51.19      −643.79  −1.68 90.14 
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0.70       −659.55  −1.54 81.65 

0.48       −626.18   58.99 

 

Table 6. Multiple linear regression coefficients and R2 values for calculated product stability based on 

computed reactant properties. 

ΔGprod 

(R2) 
a 
(q(Ca)) 

b 
(q(Cb)) 

c 
(Eσ) 

d 
(Eπ) 

e 
(Eπ*) 

f 

(ΔEπ
à

π*) 

g 

(ω) 

h 
(Esteric) 

i 
(MRb) 

j 

0.66 23.18 17.19 152.38 796.25 –1115.81 883.25 –242.06 –0.20 0.18 –158.06 

0.66 22.05 18.84   –103.64  –144.59 –0.41 0.17 80.17 

0.63 21.39 18.25      –0.46 0.18 76.54 

0.57 23.50 19.68      –0.28  68.05 

0.21 12.15         45.39 

 

Methods 

An automated workflow was developed to generate, model, and analyze the 

reactants, intermediates, and products of the full dataset (Figure 3). The dataset 

consisted of olefins with all combinations of hydrogen, methyl, methyl ester, N-

methyl amido, and cyano substituents. Methanethiol was used as the model thiol 

reactant. Within this system, the thiolate undergoes addition on a fixed “first” olefin 

carbon to avoid duplicate stereoisomers. In each reaction, the thiol site of attack was 

denoted as Cb, and the adjacent carbon forming a double bond with it is designated 

Ca.   A Python script was used to generate the SMILES strings [31] corresponding to 

the reactants, intermediates, and products. The Open Babel program was used to 

generate the three-dimensional structure for each molecule [32].  

Molecular topologies were generated using the Antechamber program [33]. 

Parameters for the reactants and products were assigned from the Generalized Amber 

Force Field (GAFF) [34]. A replica exchange molecular dynamics simulation 

(REMD)[35] was performed to find the lowest energy conformation using 

CHARMM version c36b2 [36]. The CHARMM program was used to run parallel 

tempering with the GAFF force field using a temperature range of 10–1000 K for 20 

different replicas of each of the 325 reactant and product structures [37]. The GAFF 

force field barriers for rotation around the X–C=C–X and C(=O)–NH were increased 
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to 100 kcal mol–1 to prevent cis-trans isomerization of these bonds in the high 

temperature replicas. The Cb–S bond length in the products was restrained to 1.9 Å to 

avoid dissociation at high temperatures. The parallel tempering simulations were 

performed using Langevin dynamics with a friction coefficient of 50 ps–1. The 

simulations were 1 ns in length with a 2 fs time step. Exchanges were attempted 

every 100 steps. The structure of each replica was energy minimized at the end of the 

parallel tempering simulation and the lowest energy conformation was used as the 

initial structure for the DFT calculations. 

The REMD simulations of the intermediates required a different protocol; the 

electronic effects and atypical chemical bonding present in the intermediates 

necessitates the use of a quantum mechanical method, so the AM1 semi-empirical 

method was used [38]. The Cb–S bond lengths were restrained to 1.9 Å, which is a 

typical length for a carbanion intermediate [22]. This restraint prevents the Cb–S bond 

from dissociating in the high temperature replicas. The parallel tempering simulations 

for the intermediates were 0.2 ns in length with a 2 fs time step. Exchanges were 

attempted every 100 steps. 

 

Figure 3. Computational workflow for the calculation of energies and properties for the reactants, 

intermediates, and products. 
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For each species, the lowest-energy conformation was optimized again using 

DFT methods. A rapid initial optimization was performed using TURBOMOLE 6.6 

[39] using the PBE0 [40] exchange-correlation functional and the TZVP basis set 

[41].  The Cb–S bond length of the intermediates was constrained to 1.9 Å in this 

optimization to prevent the thiolate from dissociating. The resulting structures were 

optimized again using Gaussian 09 with the ωB97X-D[42] functional and TZVP 

basis set. This functional has been found to be very accurate for calculations 

involving thiol-Michael additions [22]. Frequency analysis was performed at the 

optimized structures to confirm that they were true minima and to compute thermal 

corrections. 

This final optimization step in the intermediate does not constrain the Cb–S 

bond length like in the conformation search. As a result, many of the intermediate 

structures reverted to a non-covalent complex formed with the thiolate instead of a 

carbanion intermediate in this optimization. These molecules were reconstructed 

using Spartan ’10 software [43] and a conformational search was performed with the 

Cb–S bond length constrained to 1.9 Å. A subsequent optimization was performed 

using the same level of theory with the constraint removed to allow the structure to 

relax to a true minimum. This procedure allows us to find some unstable intermediate 

structures that could not be located by the automatic procedure, but in most of these 

cases, no stable intermediate could be found by any method. 

Calculation of the stability of the carbanions with respect to the thiol reactant 

requires the absolute solvation Gibbs energy of the proton, which is a property that is 

difficult to compute and has been the subject of extensive debate [44]. To avoid this 

issue, we estimate the deprotonation Gibbs energy of methanethiol from its 

experimentally-determined pKa of 10.4 [45]. This corresponds to a Gibbs energy of 

13.6 kcal mol–1 at 25 °C, which was added to the calculated Gibbs energy of the 

carbanion relative to the olefin and thiolate. This energy is reported as ΔGint. 

Single-point energy calculations were performed based on these optimized 

geometries employing the aug-cc-pVTZ basis set [46,47], denoted as ωB97X-D/aug-

cc-pVTZ//ωB97X-D/TZVP. Single-point energies were also obtained using the 

polarizable continuum model (PCM) [48] to estimate the solvation free energy of 
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each species in water. Natural Bond Orbital (NBO) analysis was performed for all 

reactants using NBO version 3.1 [49,50]. 

The calculated total energies were defined by: 

 
(

2) 

where ΔEaug represents the energy calculated from ωB97X-D/aug-cc-pVTZ//ωB97X-

D/TZVP. ΔGcorr is the term for thermal correction to the Gibbs energy. ΔGsolv is the 

calculated hydration energy at the ωB97X-D/TZVP calculated using the Polarizable 

Continuum Model (PCM) [51]. 

Conclusions 

A large set of model electrophilic substituted alkenes was generated using a 

automated computational procedure. For these compounds, thiol-ene addition 

reactions were modeled based on a Michael addition of methanethiol, with 

intermediate and product stabilities obtained for all reactions. 

In general, intermediate stabilities showed strong dependence on stabilization 

of the anionic charge at the ‘a’-carbon by electron withdrawing ‘a’-substituents and 

also slight steric influence at the ‘a’-carbon. The stability of the products showed a 

weaker dependence on electronic effects in that some reactions with no carbanion 

intermediate formed highly stable products. Steric effects, however, involving ‘b’-

substitution and cis versus trans isomers were deemed to have more influence on the 

product stability. In general, electrophiles with bulky substituents in a cis 

configuration will yield more stable thiol addition products than those in a trans 

configuration.   

Ideally, a structure-activity relationship could be used to predict the reactivity 

of an olefin based on its chemical properties. The stabilities of the intermediates and 

products of these reactions were analyzed and correlated with NBO orbital energies, 

NPA charges, the electrophilicity index and steric parameters. Regression analysis 

displayed single parameters alone as having a poor predictive performance for both 

intermediate and product stabilities. Further analysis with multi-linear regression 

using different combinations of these parameters showed considerably good statistics 

ΔGtotal = ΔEaug + ΔGcorr + ΔGsolv
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for predicting the intermediate stability. A model using the q(Ca), ω, and MRa, 

descriptors yielded an R2 value of 0.83.  

Product stability did not show as strong of a correlation with simple reactant 

descriptors where only R2=0.63 could be obtained based on four parameters (q(Ca), 

q(Cb), Esteric, and MRb). Nevertheless, reasonable estimates of product stability can be 

made based on calculated reactant descriptors. While these regression models based 

on reactant descriptors may provide some guidance in warhead design, it may be 

more sensible to directly calculate the stability of the carbanion intermediates and 

thioether products, as these calculations are not overly computationally demanding. 

This approach could be useful in screening compounds that cannot easily be 

synthesized or where it is difficult to determine their reactivity experimentally. 

The full set of moieties that could be used as an electrophilic warhead in a 

covalent-modifying inhibitor is vast and this database encompasses only a small 

selection of possible electrophilic olefin warheads. Expanding this database to 

include other common functional groups, such as aryl substituents, is an ongoing 

effort. The accumulation of experimental data on irreversible inhibition will allow the 

utility of these computed properties to be evaluated quantitatively. 
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