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Abstract

Predictive modeling and understanding chemical warhead reactivities have the potential to
accelerate targeted covalent drug discovery. Recently, the carbanion formation free energies

as well as other ground-state electronic properties from the density functional theory (DFT)
calculations have been proposed as predictors of glutathione reactivities of Michael acceptors;
however, no clear consensus exists. By profiling the thiol-Michael reactions of a diverse set of
singly- and doubly-activated olefins including several model warheads related to afatinib, here we
reexamined the question of whether low-cost electronic properties can be used as predictors of
reaction barriers. The electronic properties related to the carbanion intermediate were found to be
strong predictors, e.g., the change in the Cp charge accompanying carbanion formation. The least
expensive reactant-only properties, the electrophilicity index and the Cg charge also show strong
rank correlations, suggesting their utility as quantum descriptors. A second objective of the work
is to clarify the effect of the p-dimethylaminomethyl (DMAM) substitution which is incorporated
in the warheads of several FDA-approved covalent drugs. Our data suggests that the p-DMAM
substitution is cationic at neutral pH in solution and it promotes acrylamide’s intrinsic reactivity
by enhancing the charge accumulation at Ca upon carbanion formation. In contrast, the inductive
effect of the g-trimethylaminomethyl substitution is diminished due to steric hindrance. Together,
these results reconcile the current views of the intrinsic reactivities of acrylamides and contribute
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to large-scale predictive modeling and understanding of the structure-activity relationships of
Michael acceptors for rational TCI design.
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INTRODUCTION

In recent years, targeted covalent inhibitors (TCIs) have gained considerable interest.1:2 The
number of the U.S. Food and Drug Administration (FDA) approved TClIs against kinases
for treatment of cancer, inflammatory and other diseases are steadily increasing,3# and TCls
against previously undruggable targets (i.e., K-RAS®12C) are now advancing to the clinical

stage.® TCls are typically designed by adding a bond-forming electrophilic group (also
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known as a warhead) to a traditional reversible inhibitor such that following the reversible

binding step, the warhead is positioned to react with a specific nucleophilic residue at

the target site.2 To reduce off-target effects, an ideal warhead may have low but sufficient

reactivity. In more recent years, TClIs that form reversible covalent bond have also been

actively pursued.5-2 Developing computational protocols that can make accurate, reliable,
and fast prediction of reactivities and reversibilities of covalent warheads can significantly

reduce medicinal chemistry efforts.

Most FDA-approved TCls make use of warheads based on an acrylamide group, which is
an olefin activated by an electron-withdrawing group (EWG, see Fig. 1a-b) at the « carbon
atom. An activated olefin reacts with a cysteine via Michael addition (Scheme 1), which
has been extensively studied since the 1960’s.19-14 Although alternative mechanisms have

been proposed,1® the rate-limiting step of the reaction is believed to be the nucleophilic

attack of the deprotonated thiolate (either directly or via a base catalyst) on the electron-

deficient g carbon, leading to a carbanion intermediate, which protonates to form the

thioether adduct (Scheme 1). Thus, the intrinsic reaction rate of a thiol-Michael addition (for
protein targets) is determined by the reactivity of the cysteine thiol and that of the Michael
acceptor. As the thiol reactivity is related to the availability of the nucleophilic thiolate,16:17
accurate pkK, prediction tools such as the GPU-accelerated continuous constant pH molecular

dynamics simulations'8 can be used to assess cysteine reactivities in drug targets.19:20
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In principle, the intrinsic reactivity of a Michael acceptor can be predicted by quantum
mechanical (QM) calculation of the activation free energy (AG™) of the carbanion formation
step in the Michael addition reaction (Scheme 1). Indeed, a number of density functional
theory (DFT) studies confirmed that the calculated AG* and AE! (activation energy) of the
acrylamide (or propynamide) reactions with methylthiolate are strongly correlated with the
experimental half-lives of the glutathione (GSH) adduct formation.21-26 In comparison to the
available experimental data, Krenske and Houk demonstrated2’ that the substitution effects
on the Kinetic rate constants of of acrylamide thiol-adduct formation can be quantitatively
recapitulated using the AG* values calculated by the M06-2X DFT method.28

Despite the predictive value of DFT-calculated AG* for warhead reactivities, it requires
transition-state searches, which is computationally expensive and may not always be
successful. Therefore, ground-state electronic properties are more desirable. Rowley and
coworker proposed30 that the rate of the Michael addition is proportional to the stability

or formation free energy of the carbanion intermediate AG.: and developed an automated
protocol to establish a database of calculated AG: for singly-activated olefins. However,
Krenske and Houk’s B3LYP DFT calculations of six enones3! showed a modest correlation
between AG* and AG.. Besides AG., other ground-state electronic properties have also
been proposed as predictors of thiol-Michael addition rates, e.g., the HOMO/LUMO
energies,3? the electrophilicity index (w),33:34 the overall reaction energy (AG,.,),2426 and
proton affinity of the carbanion intermediate (AG,,).3> A recent study36 found that AG,,,
and AG, do not correlate with the experimental GSH half-life times of drug-like, singly
activated acrylamides, although a caveat is that the B3LYP functional used in the study
may not produce stable carbanion intermediates in the gas phase (see later discussion).3”
Thus, taking all these studies together, it remains unclear as to what ground-state electronic
properties are reliable predictors of Michael acceptor reactivities. Furthermore, none of the
aforementioned DFT studies considered both singly- and doubly-activated olefins or the
correlation of a large number of electronic properties (including AG. and AGy,) with AG*. In
a tour-de-force study, Hermann, Weber, and coworkers trained machine learning models for
predicting GSH reactivities based on over 20,000 transition-state calculations for over 4,000
singly-activated olefins.2® Identifying ground-state surrogates of transition-state energies
would allow us to drastically increase the training dataset.

When developing TCls of EGFR and related kinases, Tsou et al. observed that substituting
the Cp of an acrylamide warhead with a dimethylaminomethyl (DMAM) group not only
improves solubility but also results in a greater reactivity and biological activity.38:3% Using
competitive reactions of pairs of TCls that differ only in the ;-DMAM substitution, they
found that the g-DMAM-substituted TCIs showed a higher percentage of glutathione adduct
in solution and lower IC50 values in EGFR assays as compared to the corresponding
unsubstituted TCls.38:39 Realization of this important structure-activity relationship (SAR)
inspired the design of afatinib, neratinib, and dacomitinib (Fig. 1c). By comparing the
glutathione (GSH) adduct formation rates of the g-DMAM and g-trimethylaminomethy!|
(TMAM) substituted acrylamides, Tsou and Wissner hypothesized that the activity
enhancement by the former is due to the base catalyst effect, i.e., the amino group
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serves as a general base that abstracts the proton from EGFR’s C797 in the front pocket
(which is the most popular covalent modification site among all kinases).19 Recently, using
DFT calculations Birkholz et al. suggested that the enhanced reactivity of the ;-DMAM
substituted acrylamides is due to an induction effect which lowers the reaction barrier.40
However, due to the assumptions made in regards to the conformation and protonation
states of the acrylamide,*° the mechanism remains murky, and importantly the study did
not explain why despite having an inductive effect, the ;-TMAM substitution significantly
diminishes the reactivity.40

To address the aforementioned controversies, the present work pursues two objectives.
Using the long-range corrected meta-GGA DFT calculations of a diverse set of 30 singly-
and doubly-activated olefins, we reexamined the question of whether AG., AG;,, and/or
possibly other “low-cost” electronic properties can be used as predictors of AG*. Among the
examined olefins are several acrylamides related to afatinib and several cyanoacrylamides
in light of the recent interest in reversible warheads.5-841 The second objective of this
work is to explain the observed reactivity enhancement effect of the g-DMAM substitution
of the acrylamide. Our data suggested that while both AG.- and AG;, correlate well with
the reaction barriers of Michael additions, the lower-cost, olefin-only properties are strong
predictors as well. Our calculations demonstrated that the ;-DMAM group is protonated at
neutral pH and it lowers the reaction barrier through an induction effect while a g-TMAM
group that carries a permanent charge increases the reaction barrier due to steric hindrance.

RESULTS and DISCUSSION

Overview of the dataset and methods.

To study the intrinsic reactivities of activated olefins, we calculated the complete reaction
profile, including the geometries and energies of the reactants, transition state, carbanion
intermediate, and thiol adduct of the Michael addition reaction (Scheme 1) for 7 doubly- (1-
7) and 23 (8-30) singly-activated olefins (Table 1). Olefins 1, 2, 3, 5-12, and 14 have been
previously calculated by others.6:27:31.3542 The acrylamides 15 and 16H are the truncated
forms of afatinib, while 17 and 18H are their respective isomers and 29 is a deactivated
form with a a-methyl substitution inspired by the work of Tsou et al.38 Starting from these
olefins, additional ones taken from other literature (e.g., Ref.22) were added to fill in the
gaps in the AG* data range. Together, the AG* values range from about 7 to 23 kcal/mol

(Fig. S1), corresponding to a rate constant range of 7.3 x 1072571 to 4.5x 1075~ 1. Following
the work of others,22:24.27.30.31.37 methanethiolate was used as the model reactive thiolate.
Note, glutathione (GSH) is commonly used in the experimental studies of the intrinsic
reactivities of warheads.2438 Test calculations showed that the gas-phase energetics of the
Michael addition with methanethiol is highly correlated with larger models of GSH, such as
p-mercaptoethanol or cysteamine (Table S1); however, the TS optimization with the larger
GSH models are difficult. For these reasons, we proceeded with methanethiol.

All calculations employed the @B97X-D3(BJ) / 6-311 + G(d, p) DFT method?#3-4° with the
Solvent Model Density (SMD) universal solvation model.*® »B97X-D3(BJ) treats the
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dispersion effect with the Becke-Johnson damping?’ based on the »B97X-D method,*3
which is a long-range corrected meta-GGA functional that has been demonstrated to

offer very accurate isomerization, barrier height, difficult thermochemistry, and noncovalent
energies in a large benchmark study.#® Rowley and coworker found that the popular PBE
and B3LYP methods cannot predict stable carbanion intermediates in the gas phase, whereas
the «B97X-D functional can reproduce the high-level CCSD(T) and MP2 geometries and
energetics.3” All species along the reaction profiles were subject to geometry optimization
and frequency analysis. The latter was used to confirm the stationary points (energy

minima or transition states) and to obtain zero-point energy for thermal and entropic
corrections. The activation barriers and carbanion formation free energies were calculated
with methylthiolate, while the reaction free energies were calculated with methanethiol. The
proton affinities were calculated using a proton Gibbs free energy of —270.3 kcal/mol.29 The
calculated activation and reaction free energies are listed in Table 2 and the complete dataset
of the calculated energies and geometries are given in the supplemental files.

wB97X-D3(BJ)-calculated reaction barriers are highly predictive of the glutathione

reactivities of olefins.

To further support the choice of the DFT functional ®B97X-D3(BJ), we compared the
calculated activation free energies (AG*) of nine olefins with the available log-transformed
pseudo first-order rate constants of glutathione adduct formation in solution. The r2 value

is 0.76 (Fig. 2), which supports the consensus that the DFT-calculated reaction barriers

are highly predictive of the glutathione reactivities of olefins.21-23:25.27.31 \We note, the
agreement is not perfect due to the limitations of the model thiol (methanethiol used to
mimic glutathione) and the implicit-solvent model. In the latter case, the neglect of potential
hydrogen bonding with explicit water may introduce an error for the reaction barrier.4°

The reaction barrier is correlated with the carbanion formation free energy or single-point
energy as well as with the proton affinity.

To examine if the free energies of carbanion formation (AG) or proton affinity (AG:,)

is a good predictor of AG*, we discuss the Spearman’s rank correlation coefficient p, as

it may be most relevant in the inhibitor discovery campaigns. However, the Pearson’s r
and Kendall’s = values were also calculated and given in Table S2 and S3 for comparison
and completeness. Note, negative values of AG:, are used to obtain positive correlation.
Interestingly, AG.: or AGy, show similarly strong correlation with AG*. The p values

for AG.: and —AG, of the singly-activated olefins are 0.73 and 0.77, respectively, while
the corresponding p values including both singly- and doubly-activated olefins are 0.87
and 0.89, respectively (Fig. 3). The similarity in correlation is also evident based on the
Pearson’s r and Kendall’s = values (Table S3). The increased correlation with inclusion of
the doubly-activated olefins is due to the nearly doubled data range. While Rowley and
coworkers hypothesized that AG.. can be used to predict AG* of singly-activated olefins,3°

and Taunton et al. found that AG,, correlates well with AG* for doubly-activated olefins,3°
our data suggests that both AG.: and AG,, can be used as a reactivity predictor for both
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singly- and doubly-activated olefins. This finding also implies that the carbanion INT is a
good surrogate of the TS.

Calculation of AG.: and —AG, requires frequency analysis to obtain thermal energy, which
is computationally expensive, especially for a large number of compounds. Thus, we tested
the correlation between AG* and the single point energies, A E.. and —A E;,, which require
about 20% of the calculation time for free energies (Fig. 3). For the singly-activated olefins,
the Spearman’s p values are 0.70 and 0.76, respectively, while for all olefins the p values are
0.85 and 0.89, respectively (Fig. 3). These values are similar to those of the corresponding
free energies, demonstrating that the lower-cost A E- and AE;, can instead be used as
reactivity predictors for activated olefins.

The reaction barrier is correlated with the electrophilicity index and its approximate form.

Although calculation of AE.: and AE;, requires less than 2% of the time spent on the
TS calculation, electronic properties that depend only on the reactant olefin require even
less computational time (at most 50% relative to A E Or AE;,). Thus, we examined the

correlation between AG* and many olefin-only electronic properties (Table S3 and S4). The
electrophilicity index (w) measures the energy stabilization of a small molecule as it acquires
electron density and it can be calculated from the ionization potential and electron affinity
(Methods).2951 An activated olefin is electron deficient at C, which acquires electron density
from a nucleophile during the Michael addition. Therefore, the extent of the stabilization
through acquiring electron density may be predictive of the olefin’s reactivity towards the
nucleophile. An early study found that the » values of a number of electrophiles are well
correlated with the reaction rates between the electrophiles and the zinc finger thiolates in
the HIV-1 nucleocapsid protein.?? Another study found a strong correlation between «’s

of the substituted ethylenes and the activation barriers of the Diels-Alder reactions.>? Here
for the singly-activated and all olefins, the Spearman’s » between AG* and — are 0.87

and 0.71, respectively, similar to the corresponding p’s for AG.: (Fig. 3). Intuitively, the

gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) energies is related to electrophilicity. Thus, it is not surprisingly
that ', which is an approximation of » based on the HOMO-LUMO energy gap correlate
with AG* with similar Spearman’s p’s as o (Fig. 3); the advantage is that »’ requires less
computational time as the extra calculations of ionization potential and electron affinity are
no longer needed. Palazzesi et al. found that »’ is a strong predictor of the experimental
GSH adduct formation time for singly-activated terminal acrylamides.33 Our data suggests
that ' can be used for predicting the reactivities of the doubly-activated olefins as well.
Hughes et al. included HOMO and LUMO energies as descriptors in building the neural
network models for predicting GSH reactivities of small molecules.32 The Spearman’s p
between AG* and the LUMO energy is 0.72 for all olefins and 0.57 for the singly-activated
olefins. The Spearman’s p’s for the HOMO energy are 0.30 for all olefins and 0.33 for the
singly-activated olefins. Thus, our data do not support the direct use of the HOMO and
LUMO energies as descriptors.

J Chem Inf Model. Author manuscript; available in PMC 2024 February 03.
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Recently, Hermann et al. examined a large dataset of singly-activated acrylamides and
found that the correlation between «’ and the reaction barrier can be greatly improved by
using the frontier orbitals located on the warhead.3* This insight may be used to improve
the predictions for olefins with larger substituent. To test this, we recalculated «’ for the
afatinib-related acrylamides 30 and 17, which show large deviations from the prediction
trend (Fig. 3f). Indeed, p is increased from 0.87 to 0.88; r and = are also slightly improved
(Fig. S2). Thus, our data lends further support to the use of warhead associated frontier
orbitals in calculating o’ as a strong reactivity predictor.34

The reaction barrier is correlated with the C, natural charge and highly correlated with its

change upon carbanion formation.

Since electrophilicity can also be understood from the charge perspective, we calculated

the atomic partial charges based on natural population analysis.>3 Due to the electron-
withdrawing effect of the a-substituent, the negative charge is shifted from the C, to the

C, atom in an activated olefin. This polarization effect is more pronounced in solution as
compared to the gas phase (data not shown). Take the doubly-activated olefins 1 and 2 as

an example. The C, charge is nearly zero (compared to the slightly negative values in other
olefins), while the reaction barriers are extremely low (7.0 and 7.3 kcal/mol, respectively,
Table 2 and Fig. S1). Therefore, we examined the correlation between AG* and the C, charge
(Qcy) of the olefin. The Spearman’s p is 0.77 for the singly-activated and 0.84 for all olefins
(Fig. 3h & Table S1), similar to those of »’. We note, the data spread for the singly-activated
olefins suggests a weak linear correlation, which is confirmed by a small Pearson’s r value
of 0.55 (Table S3); however, Spearman’s p which measures the rank-order correlation is
strong in this case. Interestingly, AQc,, the change in the C, charge going from the olefin to
the carbanion state shows an even greater correlation with AG*, with the p values of 0.94
and 0.87 for singly-activated and all olefins, respectively (Fig. 3). Out of all ground-state
electronic properties considered here, AQ., shows the strongest correlation with AGF. We
also examined the correlation of the reaction barrier with the C, charge in the olefin (Q.,) or
its change upon carbanion formation (AQ..). With Q,, there is a modest correlation for the
singly-activated olefins (p is 0.59) but there is no correlation if the doubly-activated olefins
are included (p is 0.02, Table S2). With AQ.,, there is nearly no correlation with the reaction
barrier. Given the charge accumulation at the C,, the lack of correlation with Qc, or AQc,
seems puzzling and we will come back to this point in the later discussion.

The a-cyano substitution decreases both the reaction barrier and the reaction free energy.

The experiments of Taunton and coworkers showed that adding nitrile as a second EWG
at the Ca of an acrylamide or acrylate accelerates the thiol adduct formation and makes it
reversible at the same time.5:35 Our data are consistent with this observation. Specifically,
the AG¥ values (7.0-11.7 kcal/mol) of the a-cyano-substituted doubly-activated olefins
(1-7) are lower than those (12.9-23.1 kcal/mol) of the singly-activated olefins (8-29),
demonstrating that adding a cyano group increases the reaction rate. The magnitude of
the AG* decrease varies depending on the other EWG (Table 2 and Fig. S1). Comparison
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of 9 with 3 and 11 with 1 indicates that the reduction in AG* for the acrylates (R, is

a methyl ester group) is about 7-8 kcal/mol, while comparison of 14 with 4 indicates a
reduction of about 10 kcal/mol for the acrylamides (R, is an amide group). Consistent
with the experimental observation that the a-cyano substitution promotes reversibility,:3%
the doubly-activated olefins 1-7 have a less negative AG,, (=5 to -9 kcal/mol) than the
singly-activated olefins 8, 9, 10, and 13-30, which have AG,, of —10 to —12 kcal/mol. The
two exceptions are the singly-activated olefins 11 and 12, which have AG,, of =7.6 and
-8.6 kcal/mol, respectively. This can be explained by the g-phenyl substitution, which makes
the thiol adduct less stable, as evident when comparing 11 and 12 with the corresponding
singly-activated analogs 9 and 10, which lack of g substitution and have AGg,, of —=11.1
and —12.5 kcal/mol, respectively. The reduction of AGg,, due to the g-phenyl substitution

is also evident for the doubly-activated olefins when comparing 1 with 3 and 2 with 4. In
these cases, the magnitude of AG,, is reduced by 3.5 and 2.1 kcal/mol, respectively, in the
presence of the g-phenyl substitution.

Adding a protonated f-dimethylaminomethyl (DMAM) substitution lowers the reaction
barrier of acrylamide.

Tsou, Wissner, et al. found that a .-DMAM substitution enhances while a
p-trimethylaminomethyl (TMAM) substitution diminishes the reactivity of the acrylamides.
To explain this, they proposed a base-catalyzed mechanism,38:32 in which the neutral,
unprotonated DMAM group serves as a general base by extracting the proton from the
sulfhydrl group, which allows a concerted nucleophilic attack of the thiolate on the g-carbon
through a five-membered TS (Fig. 4). Recently, this concerted mechanism was disputed

by Birkholz et al. based on the DFT calculations,*? although the mechanism of reactivity
enhancement by the DMAM but not the TMAM substitution still remains unclear.

To delineate the effect of s-DMAM substitution, we first note that the controversy38-40 is
largely due to the ambiguity about its protonation state. In the study of Tsou, Wissner et
al.,38:39 the DMAM group was considered deprotonated while in the work of Birkholz et

al. both deprotonated and protonated forms were considered.*® However, tertiary amines are
expected to be protonated and charged at neutral or physiological pH, as their pk, are highly
than 8.5, e.g., the experimental pK, is 9.76 for trimethyl amine and 10.08 for N-methyl
piperidine.>* Consistently, the DMAM group pK,’s in 16, 18, and 27 were estimated as
8.64, 8.62, and 8.69 using Schrédinger’s Epikx program.>® Therefore, to emphasize the
protonated form, we denote these compounds as 16H, 18H, and 27H in Table 1. Next, we
compared the reaction barriers of 15-18. 15 and 16H are the truncated forms of afatinib
(Fig. 1), while 17 and 18H are the respective isoforms. Adding the protonated ;-DMAM
group transforms 15 to 16H and 17 to 18H. From our calculations, AG* decreases by 3.5
kcal/mol from 15 to 16H and by 1.1 kcal/mol from 17 to 18H (Table 3), confirming that

a p-substitution with a protonated DMAM group lowers the reaction barrier of acrylamide,
which corroborates the calculations of Birkholz et al.? and provides an explanation for

the experimental observation that a higher percentage of the p-DMAM substituted TCls
form glutathione adducts in solution and they are more potent in EGFR as compared to
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the corresponding unsubstituted TCIs.38:3% Consistent with the reduction in AG*¥, AG, and
—AG;, are decreased by 5.0 and 4.8 kcal/mol respectively from substituting 15 with the
protonated g-DMAM. Similar decreases (4.4 and 4.9 kcal/mol) are seen from substituting
17 with the protonated s-DMAM (Table 3). 20 and 27H are the truncated forms of

15/17 and 16H/18H, respectively. AG*, AGer, and —AGy, going from the unsubstituted 20

to the p-DMAM-substituted 27H decrease by 5.2, 7.3, 6.2 kcal/mol, respectively (Table

3), confirming the barrier-lowering effect of the s-DMAM substitution again. It is also
noteworthy that AG* decreases from 27H to 18H by 2.3 kcal/mol and from 18H to 16H by
another 2.0 kcal/mol, which demonstrates the electron withdrawing effect of the quinazoline
group (as in afatinib) on the acrylamide.

Comparison between the effects of the protonated and deprotonated f-DMAM substitution.

Although the protonated (charged) form of DMAM is predominant at neutral pH, for
comparison we also calculated the reaction energetics of the deprotonated (neutral) 16,

18, and 27. In contrast to the charged s-DMAM substitution, adding the neutral p-DMAM
substitution decreases the acrylamide’s reactivity as shown by the AG* increase of 1.9
kcal/mol going from 15 to 16 and 1.04 kcal/mol from 17 to 18 (Table 3). Consistent with
the reaction barrier increase, the corresponding AG. and AG;, are also increased (Table

3). Since the p-DMAM substitution is known to significantly decrease the GSH adduct
formation time,38-4040 these data reinforce the notion that DMAM is charged at neutral pH.
Furthermore, our comparison of the charged and neutral ;-DMAM substitution is consistent
with the data of Birkholz et al.*% and supports their hypothesis of a charge induction
mechanism for the enhanced reactivity by the charged g-DMAM substitution.

Why does the protonated f-DMAM substitution lower the reaction barrier?

To understand why the charged g-DMAM lowers the reaction barrier relative to the neutral
counterpart as well as the g-trimethylaminomethyl (TMAM) substitution with a permanent
charge, we closely examined the reaction profiles of the smallest model acrylamides with the
deprotonated g-DMAM substitution (27), with the protonated ;-DMAM substitution (27H),
and with the ;-TMAM substitution (28). We first tested the five-membered base catalyzed
mechanism (Fig. 4).38-40 In the TS structures of the three molecules, the amino nitrogen is
over 4.3 A away from the thiolate sulfur, and for 27H the closest distance between the amino
hydrogen and the sulfur is 4.74 A, which indicates that the five-membered mechanism

(Fig. 4)38-40 js not possible. Comparing 27H with 28, we can see that the reaction barrier

is raised by about 2 kcal/mol in the latter (Fig. 4), which is consistent with the data of

Tsou et al.38 The same trend can be seen with AG.: and — AG,,, which are respectively
increased by 5.1 and 2.8 kcal/mol going from 27H to 28 (Fig. 4). These data are consistent
with the significantly prolonged GSH lifetimes of the g-TMAM vs. g-DMAM substituted
acrylamides.38

To explain why the barrier of 27H is lower than 28 carrying a permanent charge, neutral 27,
or the unsubstituted 20, we tested the hypothesis of an inductive mechanism by examining
the changes of the C, and C, charges upon carbanion formation. Comparing 27 and 20, AC,
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is less negative in 20 and it has a smaller AG* (Fig. 4), which is in agreement with the belief
that the more electron withdrawing the lower the reaction barrier and consistent with the
overall correlation shown in Fig. 3. However, the decrease in the barriers of 27H and 28
relative to 20 is inconsistent with the more negative AC,. We attribute this to the positive
charge of the g-substituent. We found that AQc, is most negative for 27H (-0.33 ¢) followed
by 28 (-0.30 ¢) and 27 (-0.24 ¢), which suggests that the protonated s.-DMAM group induces
the largest charge accumulation at the C,. Importantly, the decreasing order of AG* for 27,
28, 27H corresponds to the increasing order of —AQc,, which supports the hypothesis that
the inductive effect drives the reactivity.0

Next, we address the question of why the inductive effect with 28 is smaller than 27H. To
explain this, we noticed some key differences in their TS geometries. In the TS of 27H,

the distance between the amino nitrogen and the Ca atom is shorter by 0.2 A, which is
consistent with the 3.4° smaller N-Cp-Cy angle as compared to the TS of 28 (Fig. 4). These
differences indicate that the positively charged amino nitrogen is closer to the charge center
C, in 27H, which increases the induction effect and stabilization of the carbanion state
through electrostatic interaction. The TS geometry differences between 27H and 28 may be
explained by the extra methyl group which prevents the amino group from moving closer

to the Ca atom in 28. Comparing the TS of 27H with 27, we can see a similar trend with
regards to the N-C, distance and N-Cp-Cy angle. This is not surprising, as it reflects the lack
of the electrostatic attraction between the neutral amino group and the Ca. It is noteworthy
that the N-C, distance in the TS of 27 is 0.09 A shorter and the N-C,-Cy angle is 0.7° smaller
compared to the TS of 28 (Fig. 4), which supports the aforementioned hypothesis that the
bulky methyl group in 28 pushes the amino nitrogen a bit further from the charge center.
We note, the carbanion-state geometries of 27H, 27, and 28 follow similar trends (Table S3),
consistent with the notion that the carbanion state is a surrogate of the TS.

The charged f-DMAM group contributes to deprotonation and nucleophilicity increase of

the thiol.

Tsou, Wissner et al. proposed that38:39 the thiol (i.e., C797 in EGFR) is deprotonated
(activated) by transferring its proton to the neutral /-DMAM group. This mechanism is
incompatible not only with the pk, of the ;-DMAM group but also with the TS and
carbanion geometries of 27H, which show that the distance between the amine nitrogen
and the incoming sulfur is 4.4 and 4.1 A, respectively, much larger than that is required
for proton transfer. However, these nitrogen—sulfur distances are sufficient for the charged
amine to deprotonate the thiol by stabilizing its negatively charged thiolate state. In

other words, the charged amine would downshift the pK, of the thiol and increase its
nucleophilicity. This may explain in part why in order to target EGFR’s C797, which was
found unreactive in the apo protein based on the recent constant pH molecular dynamics
simulations,? adding a charged .-DMAM substitution is an effective strategy. Tsou,
Wissner et al. showed that adding a /-DMAM substitution significantly lowers the IC50
values TCls of EGFR,38:39 which inspired the development of the FDA-approved drugs
afatinib, neratinib and dacomitinib (Fig. 1c). We note, the warheads of more recent EGFR
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TCls such as osimertinib do not carry the p-DMAM substitution. In this case, the reaction
may proceed via an alternative mechanism, e.g., C797 may be deprotonated by a different
amine group (e.g., a pyrrolidine substituent) near the warhead®® or the nearby D800 may
serve as a general base independently.®’

Concluding Discussion

reveal the structure-activity relationships (SARs) of the covalent warheads. Towards this
goal, we obtained the complete reaction profiles of 30 singly- and doubly-activated olefins
including several acrylamides related to the cancer drug afatinib using the «B97X-D3(BJ)
DFT calculations. The data evenly spread over a range of 7-23 kcal/mol, corresponding

to the rate constants 7.3 - 1075 to 4.5-107 s~1. We found that the reaction barrier (AG¥)

has similarly strong correlations with the carbanion formation free energy (AG.:) and
carbanion proton affinity (AGs,), with Spearman’s p of 0.87/0.89 for all and 0.73/0.77

for the singly-activated olefins. A similar level of correlation was also observed for the
single-point energies of carbanion formation (A E:) and proton affinity (A E.,), which require
20% of the computational time relative to the corresponding free energies. Even stronger
correlation (Pearson’s p of 0.94 for all and 0.87 for the singly-activated olefins) was found
for the change in the Cp natural charge (AQ.,) accompanying the carbanion formation, which
requires a similar computational cost as A Ec; O AEy,.

Interestingly, without calculation of the carbanion intermediate, three olefin-based electronic
properties show similar levels of correlation (based on the Spearman’s p) as AEq: and A E.
They are the electrophilicity index (w) based on the ionization potential and electron affinity,
the approximate electrophilicity index (w") based on the HOMO/LUMO energies, and the C,
charge (Qc,). Calculation of these properties only requires geometry optimization and energy
calculation of the olefin, which reduces the computational cost by at least 10 times relative
t0 AGer OF AGy, and at least 100 times relative to AG*; thus they may serve as lower-cost
reactivity descriptors in large-scale computational studies of the SARSs of TCI warheads.

Adding a p-dimethylaminomethyl (DMAM) substitution on the acrylamide warhead of
EGFR TCls significantly increases the thiol-adduct formation in solution and lowers

the 1C50 value in EGFR;38:39 this important SAR inspired the development of several
FDA-approved drug, e.g., afatinib, neratinib, and dacomitinib. Our data unambiguously
demonstrated that the ;-DMAM group is protonated (positively charged) in solution and
it substantially lowers the Michael reaction barrier through induction of negative charge
at the Ca atom in the TS and the carbanion INT. Although the inductive effect is also

at play with the g-trimethylaminomethyl (TMAM) substitution which carries a permanent
charge, the effect is diminished due to steric hindrance by the extra methyl group such that
the amino group is further away from the C, in the TS and INT relative to the p-DMAM
substituted acrylamide. The TS and INT structures of the model acrylamides refuted the
five-membered base catalyzed mechanism,38:39 and instead suggested that the protonated
DMAM downshifts the pk, of the incoming thiol through stabilization of the deprotonated
state and thereby activating it for the nucleophilic attack on the warhead. Together,

the mechanism uncovered by our calculations and analysis suggests that the ;-DMAM
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substitution enhances the intrinsic electrophilicity of the warhead and the nucleophilicity

of the cysteine. This may explain why adding a /-DMAM substitution is an important
strategy for liganding EGFR C797, which was found protonated and unreactive in our recent
constant pH molecular dynamics study,1? although alternative mechanisms to activate C797
have also been proposed, e.g., an alternative amine group (e.g., a pyrrolidine substituent)
near the warhead®® or the nearby D800 independently serving as a general base.>’

The present study has two major caveats. First, the dataset is rather small and especially
the variation of the g-substitution is very limited. Our analysis of the g-DMAM substitution
and related acrylamides showed that the change in the C, charge upon carbanion formation
(AQc,) is an important reporter of the inductive effect of g substitution. Thus, we suggest
that AQ, and O, be included in the reactivity descriptor set for building models. A

second caveat is with regards to the ;-DMAM substitution effect on the Michael addition
mechanism for the EGFR’s C797. Our data presents strong evidence for the ;-DMAM group
to deprotonate the thiol in solution; however, in EGFR C797 is in the vicinity of D800 which
may serve as a proton acceptor to further accelerate the reaction. A similar mechanism has
been proposed for the pyrrolidine substituent to deprotonate C797 in EGFR.5® We should
note that in the absence of an amine group near the warhead, D800 may independently serve
as a proton acceptor. In fact, a previous QM/MM study showed that C797-S~/D800-COOH
is the most stable and abundant ionization state for this pair within EGFR.> To fully
understand the reaction mechanism of the g-DMAM substituted TCls in EGFR, QM/MM
simulations are underway in our group. Despite these caveats, our findings reconciled
current views regarding the reaction energetics and important SARs of the thiol Michael
additions. Although the present work is focused on intrinsic reactivities based on quantum
calculations, the descriptors can be used in training machine learning models based on the
experimental kinetics data. Our analysis offers valuable insights for predictive modeling and
understanding of warhead SARs to assist covalent drug discovery.

METHODS and PROTOCOLS

Electronic structure calculations.

All electronic structure calculations were carried out using ORCA 5.0.1 software package.>8
The wB97X-D3(BJ) density functional theory (DFT) method*34447 with the 6-311+G(d,p)
basis set and the Solvent Model Density (SMD) continuum solvent model*6 was used

for both geometry optimization and electronic energy calculations. ®B97X-D3(BJ) is an
extension of the ®B97X-D functional,** which is is a dispersion-corrected, range-separated
hybrid GGA (generalized gradient approximation) DFT method. It has been recently
demonstrated as among the most accurate hybrid GGA methods for thermochemistry,
kinetics, noncovalent interactions, and geometry calculations in a comprehensive benchmark
study of 200 DFT functionals.*8 According to this study,*8 the M06-2X28 (used by

Krenske and Houk in their study of the thiol-Michael addition reactions2’) and the

wB97X-D functionals** offer similar accuracies for barrier heights and ionization energies,
but the latter has smaller errors for isomerization energies, difficult thermochemistry and
noncovalent energy calculations involving strong correlation or self-interaction error, which
may be attributed to the incorporation of long-range attenuation of exchange energy.
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The two-dimensional structures of 30 singly- and doubly-activated olefins are given in Table
1. Some of these compounds were taken from literature,8:27:31.3542 and some of them are
related to the FDA-approved drug afatinib or the covalent warheads for EGFR.38 To avoid
bias in the correlation study, additional model compounds were added such that the reaction
barriers evenly distribute between approximately 7 and 23 kcal/mol. Following the previous
work of others,22:24.27.30.31.37 methanethiol (MeSH) and methanethiolate (MeS™) was used
as the model thiol and thiolate, respectively. The initial three-dimensional structures of
MeSH, olefins, carbanions, and adducts were downloaded from Crystallography Open
Database (https://www.crystallography.net/cod/) or if a X-ray structure was unavailable
generated using Avogadro 1.2.0%9 and optimized with the built-in MMFF94s force field.50
Some initial structures were modified from the afatinib crystal structure taken from the
X-ray co-crystal structure of EGFR (PDB ID: 4G5J). These initial structures were subject to
energy minimization and the optimized structures were checked to ensure that no imaginary
frequency was found. The TS search was performed in two steps. First, we performed

a potential energy scan starting from the optimized carbanion structure along the sulfur

to -carbon distance from 1.7 A to 3 A in 20 steps to identify a geometry that gives

the maximum total energy, which then used as the initial guess for the TS geometry
optimization. We conducted numerical frequency analysis in the SMD solvent model and
confirmed that only one imaginary frequency was found for the TS. The thiol adduct may
adopt a syn or anti conformer, which refers to the relative positions of the R1 group and
sulfur atom. For 1, 2, 5-7, 29, and 30, both conformers for the product were optimized

and the anti conformer was consistently found to have a lower free energy in solution.
Subsequently, only the ant/ state was calculated for other molecules.

Calculation of electrophilicity index, Fukui function, and natural charges.

Electrophilicity index  is defined as®051

=

-4
@)

where  is the chemical potential and  is the chemical hardness and they are defined using
the ionization potential (IP) and electron affinity (EA) as follows

u= —’PZEA;nzlp—EA.

@

Since u and n can be approximated through LUMO and HOMO energies,

Eruymo + Exomo
= f§ n = Erumo — Enomo -

©)

an approximate electrophilicity index ' can be calculated.
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Fukui (or frontier) function measures the local reactivity of a molecule.b1 The condensed
Fukui function for nucleophilic attack £; is defined as®2

fT =N +1) - g(N),

4)

where ¢,(N) is the charge of atom i in the neutral state of the molecule and ¢(N + 1) is the
charge of atom i in the anionic state of the molecule but with the neutral-state structure.
We calculated £ for the C, atom in the olefin. To calculate the atomic partial charges,

we performed natural population analysis (NPA)°3 using the open source JANPA software
package.53.64
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Refer to Web version on PubMed Central for supplementary material.
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B3LYP Becke three parameter Lee-Yang-Parr
DFT density functional theory
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EWG electron withdrawing group
GSH glutathione
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EGFR human epidermal growth factor receptor 1
MM molecular mechanics
TCI targeted covalent inhibitor
TMAM trimethylaminomethyl
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Figure 1: Example activated olefins and targeted covalent inhibitors (TClIs).

Dacomitinib (2018)

a) Structure of an activated olefin. A singly- or doubly-activated olefin refers to the «
substitution with one or two electron-withdrawing groups (EWGs). The g carbon where the
thiol-Michael addition takes place is indicated with an asterisk. b) Example singly-activated
(15) and doubly-activated (1) olefins. The acrylamide group is highlighted by a dashed box.
¢) A zoomed-in view of the EGFR front pocket (in surface rendering) where afatinib is
covalently attached to C797. The nearby aspartate D800 is also labeled. The structures of the
three FDA-approved EGFR TCls with the ;-DMAM substitution (red box) are given below.

The regulatory approval years are in parenthesis.
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Figure 2: The calculated activation free energies are highly correlated with the experimental
kinetic rate constants.

AG* refers to the activation free energies of 13, 19, 20, 21, 22, 23, 24, 25, 26 calculated with
the wB97X-D3BJ / 6-311 + G(d, p) / SMD method in this work. k refers to the experimental
pseudo first-order rate constant (in unit of 1073 min~1) of the solution thiol-adduct formation
(data taken from Ref .22). The linear correlation coefficient (+2) and the best fit line are
shown. The numerical values are given in Table S2.
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Figure 3: Correlation between the reaction barrier and ground-state electronic properties:
a) free energy of carbanion formation (AG); b) single-point energy of carbanion formation

(AE); ) free energy of carbanion proton affinity (AG;,); d) single-point energy of
carbanion proton affinity (AE:,); €) electrophilicity index of the olefin (w); f) approximate
electrophilicity index of the olefin (»’); g) change in the C, charge (from natural population
analysis) going from the olefin to the carbanion state (AQ,; and h) C, atomic charge of the
olefin (Qc,) for the singly- (blue) and doubly-activated olefins. The Spearman’s p values are
given for all olefins in black and for singly-activated olefins in blue. Correlations with other
electronic properties are given in Table S3 and S4 along with Pearson’s r and Kendall’s z.
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RB = AG* Rsc, Ryca Rys Oncgen AGer AGp  AQc, AQg,
-H 20 | 21.29 237 NA NA NA 936 -49.21 -026 -0.20
-CH,N(CHs,) , 27 |23.09 237 316 439 1133 1245 -49.77 -024 024
-CH,NH*(CHj3), 27H [ 17.85 2.38 3.05 438 110.6 511 -4359 -0.33 -0.22
-CH,N*(CH,) 4 28 [ 19.79 235 325 436 1140 1029 -46.38 -0.30 -0.21

The units are kcal/mol (free energies), A (bond length), ° (angles), e for charges.

Proposed by
Tsou et al.

Figure 4: The protonated f-DMAM substitution lowers the reaction barrier due to an induction
effect.
A comparison of the reaction energetics, TS geometries, and changes in C, and C, charges

1duosnuepy Joyiny 1duosnuely Joyiny

1duosnue Joyiny

upon carbanion formation for the four related model compounds. The TS structures of 27,
27H, and 28 are given below, with the distance Ry _ _, indicated.
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Scheme 1: Reaction profile of the thiol-Michael addition of activated olefin.
a) The reaction free energy profiles of a doubly activated olefin (1) and a singly-activated

olefin (15, analog of the afatinib warhead, acrylamide group indicated with a box). b) The
structures of reactants (R), transition state (TS), carbanion intermediate (INT), and product
P). AGF, AGe, and AG,,, refer to the free energy terms going from reactants to TS, INT, and
P, respectively. The carbanion proton affinity AG., discussed in the main text refers to the
free energy of protonation of INT. The proton Gibbs free energy of —270.3 kcal/mol (data

from ref.2%) was used to calculated AG..

J Chem Inf Model. Author manuscript; available in PMC 2024 February 03.



1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Liuetal.

Table 1:

Summary of the singly- and doubly-activated olefins studied in this work?

Page 24

R, Rs R, Rs R, Rs
(R4=CN) (Ry=H) (Ry=H)
1  -CoocH -Ph 8 ~COCH, T i
’ 9 -COOCH, -H 22 kﬂ/ﬁ I
2 -CONH, -Ph 10 -CN -H Jcl)\
J 5 11 -COOCH, -Ph 23 N O~
3 COOCH, H 12 " = H/\©/
4 -CONH, -H } o _
B 13 -CONHPh H 24 JJ\N ,@ H
S Ph 14  -conm, H N o
- o N s LT s
6 -] -Ph 15 JLN/ELN o
H N L H
7 N i e jj'\ ,\llNJ -CH,NH*(CH;) 5 26 N"N—ow
— N
5 A - 27H  -CONHCH;  -CH,NH*(CH;),
-H
17 ’u\ﬁ N/J 28 -CONHCH; -CH,N*(CHg) 5
o] =N
B 184 I KL J oreeeHy), R Ry
a R H (R4=CHj)
RifT TS I
19 N -H Q H
Ry O 29 JLHLJ
Activated olefin 20 -CONHCH3 -H o N e
21 -CONHCH,4 -CF,4 30 J\”

aThe olefins are listed in an approximately ascending order of AG*. 16H, 18H, 27H refer to the protonated f—dimethylaminomethyl (DMAM)
substitution, which is the dominant protonation state at neutral pH (see main text discussion). The deprotonated forms were additionally calculated

and discussed (see Table 3).
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Calculated solution-phase activation and reaction free energies for the singly- and doubly-activated olefins
studied in this work?

Olefin  A¥ AG,, Olefin p\of  AG,,
1* 7.01 -5.28 17 16.58 -11.50
2* 7.30 —6.66 18 1762 -9.42
3* 8.09 -8.74 18H 1549 -11.09
4* 7.71 -8.70 19 20.74 -11.89
5* 8.80 -7.38 20 21.29 -11.88
6* 10.06  -8.07 21 19.57 -12.54
I 1165 -8.83 22 21.02 -11.60
8 1289 -12.34 23 21.80 -11.09
9 1489 -11.08 24 18.32 -11.87
10 1414 -12.54 25 2097 -9.37
11 1516  -7.65 26 20.14  -9.99
12 1563 -8.56 27 23.09 -9.34
13 1738 -11.76 27H 17.85 -10.50
14 1735 -11.18 28 19.79 -8.12
15 16.96 -11.79 29 21.24 -10.81
16 18.85 -10.29 30 2128 -9.81

16H 1350 -11.92

aThe unit for AGi and AG,,, is kcal/mol. Doubly-activated olefins are indicated by an asterisk.
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Table 3:

Effect of the ;-DMAM substitution on the reaction energetics?

15 16 16H 17 18 18H 20 27 27H
AGi 16.96 18.85 13.50 16.58 17.62 15.49 21.29 23.09 17.85

AGcr 4.68 6.39 -0.28 3.28 6.07 -1.16 9.36 12.45 511
AGp, -4445 -4464 -39.61 -4276 -4347 -37.91 -49.21 -49.77 -43.59

aln 16, 18, and 27, the DMAM group is deprotonated.
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