
Covalent Modifiers: A Chemical Perspective on the Reactivity of 
α,β-Unsaturated Carbonyls with Thiols via Hetero-Michael 
Addition Reactions

Paul A. Jackson†, John C. Widen‡, Daniel A. Harki‡,*, and Kay M. Brummond†,*

† Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, United 

States

‡ Department of Medicinal Chemistry, University of Minnesota, Minneapolis, Minnesota 55455, 

United States

Abstract

Although Michael acceptors display a potent and broad spectrum of bioactivity, they have largely 
been ignored in drug discovery because of their presumed indiscriminate reactivity. As such, a 
dearth of information exists relevant to the thiol reactivity of natural products and their analogs 
possessing this moiety. In the midst of recently approved acrylamide-containing drugs, it is clear 
that a good understanding of the hetero-Michael addition reaction and the relative reactivities of 
biological thiols with Michael acceptors under physiological conditions is needed for the design 
and use of these compounds as biological tools and potential therapeutics. This perspective 
provides information that will contribute to this understanding, such as kinetics of thiol addition 
reactions, bioactivities, as well as steric and electronic factors that influence the electrophilicity 
and reversibility of Michael acceptors. This perspective is focused on α,β-unsaturated carbonyls 
given their preponderance in bioactive natural products.

Introduction

Targeted covalent modification has emerged as a validated approach to drug discovery with 
the recent FDA approvals of afatanib (2013), ibrutinib (2013), and osimertinib (2015); drugs 
that were designed to undergo an irreversible hetero-Michael addition reaction with a unique 
cysteine residue of a specific protein. This strategy has expanded the druggable landscape by 
enhancing the ligand binding selectivity for proteins in the same family and by increasing 
the binding affinities for target proteins with shallow binding sites. Moreover, compounds 
that operate via a targeted covalent inhibition mechanism have been shown to overcome 
drug resistance (some examples are discussed below in this perspective).

For this perspective, we have drawn inspiration from natural products and other biologically 
relevant compounds whose activity is presumably dependent upon a hetero-Michael addition 
reaction with thiols. An understanding and characterization of their thiol reactivity is vital to 
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the continued development of covalent inhibitors as drug candidates and biological probes. 
Accordingly, this perspective focuses on the thiol reactivity of Michael acceptors possessing 
an α,β-unsaturated carbonyl group and is organized by functional group roughly in order of 
increasing reactivity with thiols. Functional groups discussed include α,β-unsaturated 
amides (acrylamides) and lactams, α,β-unsaturated esters and lactones, acyclic and cyclic 
α,β-unsaturated ketones (enones), α,β-unsaturated aldehydes (enals), dually activated 
Michael acceptors, and other unsaturated carbonyls including quinones, acylfulvenes, 
viridins, α-haloacryloyl compounds, and α,β-unsaturated carboxylic acids. When possible, 
the kinetic reactivity of these functional groups and how this reactivity correlates to 
biological activity is included. To the best of our knowledge, kinetic data for reactivity with 
thiols has not been comprehensively reviewed for biologically active and molecularly 
complex compounds with α,β-unsaturated carbonyl groups, although a recent toxicological 
review amasses thiol reactivity data for simple compounds.1 Finally, spectroscopic and 
computational methods for predicting and analyzing the reactivity of α,β-unsaturated 
carbonyls with thiols is presented.

This perspective is meant to serve as a complement to reviews focused on biological targets 
and mechanisms of action,2 design and pharmacological features,3 and strategies to assess 
off target reactivity.4 Another recent review in toxicology highlights the major reaction 
mechanisms for protein adduct formation (Sn2, Sn1, acylation, Schiff base formation, hetero-
Michael addition, and SnAr), chemical reactivity assays for evaluating electrophilic 
compounds, and computational parameters for predicting chemical reactivity; this review 
compiled a listing of chemical reactivity data containing 3089 entries for simple (non-drug 
like) molecules.1

1.1 Interpretation of the Data Compiled in this Perspective

The following sections discuss the thiol reactivity of α,β-unsaturated carbonyls through a 
variety of parameters that are provided when available. Reaction conditions utilized for thiol 
addition reactions are provided along with kinetic data (rate constants, half-lives), which are 
commonly measured by UV, NMR, HPLC, and fluorescence. The hetero-Michael addition 
reaction between a thiol and an α,β-unsaturated carbonyl is a second order reaction, with the 
rate constant having units of M−1s−1 (or equivalent). Thus, comparisons of second order rate 
constants are the most accurate method for comparing the relative reactivity of two 
electrophiles. Pseudo-first order reaction rates were commonly measured using an excess of 
thiol for the studies discussed in this perspective, and these rate constants have units of s−1 

(or equivalent). The second order rate constant can be calculated from the pseudo-first order 
rate constant with the expression: k2 =kobs/[thiol]. Reaction half-lives (t1/2) presented herein 
represents the time it takes for half of the electrophile to react with excess thiol under 
pseudo-first order conditions; t1/2 is related to the pseudo-first order rate constant by the 
expression: t1/2 = ln2/kobs. The values of rate constants are significantly affected by 
experimental conditions such as solvent, temperature, concentrations of reagents, and the 
pKa of the thiol reactant. Thus, the reactivities of α,β-unsaturated carbonyls can only be 
directly compared when the rates of the hetero-Michael addition reaction were measured 
under identical conditions.
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The potency and selectivity of covalent drugs is affected by both their noncovalent affinity 
for their target (initial binding specificity, Ki) and the second order rate constant for covalent 
bond formation (k2 or kinact) described by equation 1; for example kinact may be optimized 
by placing an electrophilic moiety in close proximity to a nucleophile in the binding site. 
The specificity constant is equal to kinact/Ki and provides a more reliable measure than IC50 

values for irreversible inhibitors; kinact/Ki can be measured using a Wilson-Kitz analysis.5 

Since irreversible inhibitors display time-dependent target inhibition and IC50 values do not 
explicitly account for time dependency, the utilization of IC50 measurements for the 
characterization of irreversible target inhibition is not recommended. Nonetheless, IC50 

measurements for the characterization of irreversible inhibitors are commonly reported in 
biochemical assays with an associated time (i.e. IC50 for target inhibition after 30 min 
treatment with an inhibitor) and, more appropriately, in cellular assays where the activity of 
the irreversible inhibitor is dependent on multiple factors (i.e. cellular uptake, compound 
stability, and target inhibition).

(1)

Although this perspective focuses on the kinetic, thiol reactivity of α,β-unsaturated 
carbonyls under biologically-relevant conditions, such as buffered, aqueous solutions, cells, 
or purified enzymes, limited information of this type is available for many classes of 
Michael acceptors. In these cases, solution-phase, synthetic chemistry for thiol addition to 
α,β-unsaturated carbonyls is presented, including the reaction conditions, isolation, and 
yield of thiol adducts. Additionally, thiol adduct reversibility, measured by the stability of 
adducts, crossover experiments, and equilibrium or dissociation constants, is presented. 
While we are aware that this solution phase reactivity is not representative of the reactivity 
of compounds in enzyme active sites, these conditions provide insight into the ease or 
difficulty with which an electrophile can undergo the hetero-Michael addition reaction, even 
though this information cannot be directly extrapolated to reactivity in biological systems.

An emphasis is placed on steric and electronic contributions to the electrophilicity of α,β-
unsaturated carbonyls. This perspective highlights the biological activity of Michael 
acceptors through their cytotoxicity, inhibition of target proteins (kinact/Ki, time-dependent 
IC50 values), and comparisons to the activity of structurally related compounds lacking a 
Michael acceptor; covalent protein modification sites and how those sites were determined 
(crystal structures, LC-MS of tryptic peptides, mutation studies) are also presented. 
Comparisons of the rates of thiol addition to the biological activities or toxicities of α,β-
unsaturated carbonyls and computational methods for predicting electrophilicity are 
provided. α,β-Unsaturated carbonyls are arranged roughly in order of increasing 
electrophilicity, although this oversimplification does not take into account the large 
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influence of substituents on the electrophilicity of Michael acceptors. We begin this 
perspective by presenting examples demonstrating that targeted covalent inhibition provides 
an excellent approach for gaining specificity to a target protein.

1.2 Success Stories in Targeted Covalent Inhibition and Drug Design

The discovery and utility of the reversible covalent drug telaprevir (1) inspired the 

development of irreversible hepatitis C viral (HCV) protease inhibitors 3 and 4 by installing 

an acrylamide motif onto the structurally related scaffold 2 (Figure 1).6 Compound 1 targets 
a catalytic serine that is common across many viral and human proteases (Ser139 in HCV 

protease) by forming a hemiacetal with the ketoamide functionality.7 Inhibitors 3 and 4 were 
designed to target Cys159, a unique amino acid to HCV protease identified using structural 

bioinformatics.6 In a fixed time point enzymatic assay, compound 5, lacking the acrylamide 
group, showed weak inhibition of HCV protease (IC50 = 1147 nM), while the compounds 

with a Michael acceptor were potent inhibitors (IC50 = 4 and 2 nM for 3 and 4, 

respectively).6 A targeted covalent inhibition mechanism for compounds 3 and 4 was 

supported by mutation of Cys159 to serine, which resulted in a reduction in potency of 3 and 

4, whereas 5 maintained a similarly weak potency compared to the non-mutated protein. Co-

crystallization of inhibitor 3 with HCV protease confirmed a covalent C–S bond between 
Cys159 and the acrylamide group.6

Gefitinib (6) is a noncovalent, small molecule inhibitor that targets mutated forms of 
epidermal growth factor receptor (EGFR) in cancer cells and represents the first generation 
of EGFR inhibitors. After FDA approval in 2003, it was discovered that EGFRs acquire 
resistance through specific mutations within the binding pocket; nearly half of the patients 

treated with erlotinib or 6 had a T790M single point mutation responsible for resistance to 

therapy.8 To combat this acquired resistance, structural modifications were made to 6 that 
included replacement of the 3-morpholino propyl group with a 4-dimethylaminobutenamide 

to produce afatinib (7), a compound designed to undergo a hetero-Michael addition with 

Cys797 in the active site of EGFR (Figure 2). The second generation EGFR inhibitor 7 was 
active at the nanomolar level against lung cancer cells containing this mutation.8-9 X-ray 
crystallography and in situ labeling followed by LC-MS/MS analysis confirmed a covalent 

bond between 7 and Cys797.10 However, it has been speculated that the T790M mutation 

lowers the affinity of the initial binding event of 7 before covalent linkage to Cys797 based 
on X-ray co-crystal analyses, which may have led to toxicity and lack of efficacy in the 

clinic.11 This led to the development of third-generation EGFR inhibitors osimertinib (8) 

and rociletinib (9) that selectively targeted EGFR containing the T790M mutation.12 

Acrylamide 8 (also known as AZD9291, Tagrisso) is an irreversible EGFR inhibitor 
developed by AstraZeneca, which was approved in November 2015 for treatment of non-

small cell lung cancer in patients with the T790M mutation of EGFR; 8 has an IC50 value of 
12 nM for inhibition of EGFR with the L858R/T790M mutation and an IC50 value of 480 

nM for wild-type EGFR.13 Acrylamide 9 (also known as CO-1686, AVL-301) is another 
mutant selective covalent inhibitor of L858R/T790M EGFR, currently in clinical trials, with 
a Ki of 21 nM against this mutation and a Ki of 303 nM against wild type EGFR (Figure 
2).14 Another mutation, C797S, which replaces the cysteine that forms a covalent bond to 
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irreversible EGFR inhibitors with a less nucleophilic serine, has been discovered as a 
common mechanism of resistance to these covalent inhibitors.15

Irreversible inhibitors of related tyrosine kinases, fibroblast growth factor receptors 
(FGFR1-4) and Bruton's tyrosine kinase (Btk), were designed using a similar targeted 

covalent inhibition strategy. The FGFR inhibitor PD173074 (10) led to the design of FIIN-1 

(11) possessing an acrylamide group, which reacts to form a hetero-Michael adduct with 
Cys486 in the ATP binding site of FGFR1 (Figure 3).16 The importance of the acrylamide 
group for effective inhibition was demonstrated by reduction of the acrylamide double bond, 
resulting in a 24-fold decrease in activity for blocking proliferation and survival of FGFR1-
transformed Ba/F3 cells (EC50 = 14 nM vs 340 nM) and a 100-fold decrease in activity 
against FGFR3-transformed Ba/F3 cells (EC50 = 10 nM vs 1040 nM).16

The Btk noncovalent inhibitor PCI-29732 (12) was used in the design of targeted covalent 

inhibitor 13 (ibrutinib, PCI-32765), a compound showing a 500-fold increase in selectivity 
for Btk over related kinases Lck/Yes-related novel tyrosine kinase (Lyn), and spleen tyrosine 

kinase (Syk) in Ramos cells; 12 showed only a 4-fold selectivity for Btk in the same assay 
(Figure 3).17 This increase in selectivity results from a covalent bond between the 

acrylamide group and Cys481 in the ATP-binding site of Btk.18 Acrylamide 13 shows >100-
fold selectivity for kinases containing a cysteine or serine at position 481, inhibiting kinases 
Btk, B lymphocyte kinase (Blk), and bone marrow kinase on chromosome X (Bmx) with 
subnanomolar potencies.18 There is no evidence of serine undergoing covalent bond 

formation to 13; Lou et al. propose that amino acids larger than cysteine or serine at the 
position equivalent to Cys481 of Btk clash with the pyrazolidine ring, leading to increased 

selectivity over kinases lacking a cysteine or serine at this position. Covalent inhibitor 13 

was approved by the FDA in 2013 for the treatment of mantle cell lymphoma and in 2014 
for the treatment of chronic lymphocytic leukemia; it is predicted to reach peak annual sales 

of $5 billion a year.19 As for the EGFR inhibitors 7-9, a cysteine to serine mutation (C481S) 

has been shown to confer resistance to therapy with 13.20 Spebrutinib (14, AVL-292, 
CC-292) is another irreversible Btk inhibitor under investigation for the treatment of chronic 
lymphocytic leukemia, as well as rheumatoid arthritis and multiple myeloma (Figure 3).21

Covalent kinase inhibitors for Bmx (a non-receptor tyrosine kinase also known as ETK), 
cyclin dependent kinase (Cdk) 7, and c-jun NH2-terminal kinase (JNK) have also been 

developed.22 Targeted covalent inhibitor acrylamides 15-17 represent examples of pan JNK 

inhibitors (Figure 4).23 JNK-IN-11 (15), the most potent inhibitor tested with IC50 values of 
0.5-1.3 nM for inhibition of JNK1/2/3, also showed significant inhibition against several 

other kinases; however, JNK-IN-8 (16) showed excellent selectivity for JNK1/2/3 over other 
kinases with only a small decrease in activity (IC50 of 1-19 nM for inhibition of JNK1/2/3). 
Incorporation of an acrylamide motif was necessary for in vivo potency and selectivity for 
JNK1/2/3 in a panel of 200 kinases using a fixed time point enzymatic assay; without this 
group, the activity of each inhibitor was reduced 100-fold.23 Mutation of Cys116 of JNK2 to 

serine also resulted in a 10-fold loss in activity for 15 and a 100-fold loss in activity for 16. 

When JNK-IN-2 (17) was incubated with recombinant JNK1, the protein displayed a mass 

increase of 493 daltons, consistent with addition of a single molecule of 17; upon protease 

digestion, the peptide containing Cys116 was shown to be modified by inhibitor 17 as 
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detected by LC-MS. A co-crystal structure of 17 with JNK-3 showed that Cys154 of JNK3 
was covalently bound to the β position of the acrylamide group.

Celgene Avilomics used the pan-phosphoinositide 3-kinase (PI3K) inhibitor GDC-0941 (18) 

as a lead in the design of the covalent inhibitor of PI3Kα, CNX-1351 (19, Figure 5).24 

Analysis of the four class I isoforms of PI3Ks, α, β, γ, and δ, showed that PI3Kα contained 
a cysteine (Cys862) in the ATP binding site not present in the other isoforms.24 Cys862 was 
targeted for covalent inhibition by replacing the methylsulfonyl group on the nitrogen of the 

piperazine ring of 18 with a 6-methylhept-5-ene-1,4-dione to give 19.24 This sole 

substitution resulted in a 20-400 fold increase in selectivity of compound 19 for inhibition 
PI3Kα activity in fixed time point enzymatic assays with IC50 values of 7, 166, 240, and 

3020 nM for the α, β, γ, and δ isoforms, respectively.24 PI3Kα inhibitor 19 was also tested 
against 60 other major classes of kinases and none were inhibited more than 40% at a 1 μM 

dose.24 When inhibitor 19 was incubated with PI3K enzymes, MS analysis confirmed that 

PI3Kα, but not the other isoforms, formed a covalent adduct with 19; co-crystallography of 

19 with PI3Kα showed that Cys862 was covalently linked to the β position of the enone.24 

Demonstrative of its low thiol reactivity, PI3Kα inhibitor 19 did not form any detectable 
adducts with 500-fold excess glutathione (GSH) or with any proteins in albumin-depleted 
human plasma at 37 °C over 1-3 h by MS analysis.24

Wyeth Research prepared a series of quinone-containing inhibitors based upon a 

computational binding model of ZD-4190 (20) and the vascular endothelial growth factor 
receptor-2 (VEGFR-2) that showed Cys1045 in the proximity of the 4-anilino substituent 
(Figure 5).25 Many of these analogs showed good potency against VEGFR-2 in enzymatic 
assays, but their activity was significantly reduced in the presence of ATP, GSH, plasma, or 

in cells.25 However, quinone 21 maintained its inhibition of VEGFR-2 phosphorylation with 
IC50 values of 3.7-11 nM in the presence of 10-1000 μM ATP, 100 μM GSH, or 5% plasma, 
and an IC50 of 190 nM in KDR15 cells (Figure 5).25

The Src family of tyrosine kinases contains nine members, all of which contain a catalytic 
lysine (Lys295 of c-Src) in the ATP binding site, but only three members contain a proximal, 
noncatalytic cysteine residue (Cys277 of c-Src).26 Taunton and coworkers designed 

inhibitors 23 and 24 based on the structure and reactivity of ATP mimic p-

fluorosulfonylbenzoyl 5'-adenosine (FSBA, 22), a compound that covalently binds to all 
nine Src kinases via a mechanism involving the addition of Lys295 to the fluorosulfonyl 
group and fluoride elimination (Figure 6).26-27 This work showed that substituting a 

vinylsulfone for the fluorosulfonyl group led to a covalent bond between 23 and three of the 
Src kinases, only those containing the conserved cysteine (Cys277). Additionally, 

vinylsulfone 23 was 40-fold less potent than fluorosulfonyl benzoate 24 against off-target 
kinases lacking this G-loop cysteine.26

A similar structure-based design was implemented using crystallographic data that showed 
human centrosomal kinase NIMA-related kinase (Nek2) bound to reversible inhibitor 

SU11652 (25, Figure 7). For this study, oxindoles containing electrophilic groups poised to 
form a covalent bond with Cys22 of Nek2 were prepared.28 The two acrylamide-containing 

derivatives, 26 and 27 were not effective, but the more reactive propiolamide 28 and 
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chloromethylketone 29 functioned as high nanomolar inhibitors of Nek2 and were used in 

further studies (Figure 7).28 Although the chloromethylketone 29 was more active than 

propiolamide 28 for inhibition of Nek2 in enzymatic assays (IC50 = 130 nM vs 770 nM), 29 

was less active in cells (50% of cells exiting mitosis vs 4% for 28 after treatment with 5 μM 

of inhibitor for 45 min); this is likely due to the increased reactivity of 29 with thiols (t1/2 = 

3 min for 29 vs. 60 min for 28 for the reaction with β-mercaptoethanol).28 Cys22 was 

confirmed as the target for propiolamide 28 and chloromethylketone 29 by MS analysis of 
tryptic peptides of the Nek2 kinase domain and also loss of covalent modification (and 

activity) when Cys22 was mutated to a valine.28 It is important to note that propiolamide 28 

was the first selective Nek2 inhibitor with cellular activity, and was subsequently used as a 
tool to study spindle assembly and chromosome congression in mitosis without inhibiting 
other kinases critical to mitosis, such as Cdk1, Plk1, AurB, and Mps1.28

Finally, by combining the covalent inhibition strategies discussed above, the dual EGFR/

VEGFR-2 inhibitor 30 was designed to include two electrophilic groups, an acrylamide and 

a quinone (Figure 8). Quinone 30 inhibits the phosphorylation of recombinant EGFR and 
VEGFR-2 with an IC50 of 4.1 and 113 nM, respectively, in the presence of 1 μM ATP.29

The examples presented above demonstrate that targeted covalent inhibition provides an 
excellent approach for gaining specificity to a target protein. Targeted covalent inhibitor 
strategies often take advantage of an acrylamide group as the Michael acceptor because it is 
weakly electrophilic and requires close proximity to the cysteine residue for covalent bond 
formation to occur, minimizing side reactions with other cellular thiols such as GSH and 
solvent-exposed cysteines on proteins.3, 30 However, other Michael acceptors have been used 
successfully to increase inhibitor selectivity and potency. More information on irreversible 
kinase inhibitors can be found in other excellent reviews.2b, 4b, 30a, 31

Dimethyl fumarate (31, Tecfidera), originally used for treating psoriasis and recently 
approved for treating multiple sclerosis, is a Michael acceptor that readily forms adducts 

with GSH. Although its mode of action is still under investigation, 31 is known to rapidly 

hydrolyze under physiological conditions to mono-methyl fumarate (32), which is 

considered to be the active metabolite and reacts more slowly with GSH (t1/2 = 4 h for 32 

and 9 min for 31, Scheme 1).32

An alternative strategy to incorporating weakly electrophilic groups at key locations in an 
inhibitor is the inclusion of strong electrophiles that form rapidly reversible covalent bonds 

in a non-biological environment. Examples include, entacapone (33) and ribosomal s6 

kinase (RSK) inhibitor 34, both possessing an α-cyanoacrylamide motif, and bardoxolone 

methyl (35, CDDO-Me) with an α-cyanoenone (Figure 9).33 Cyanoacrylamide 33 is a 
selective and reversible inhibitor of catechol-O-methyltransferase (COMT) that has been 

approved for Parkinson's disease, while bardoxolone methyl (35) inhibits nitric oxide 
production and the NF-κB pathway.33d The additional electron-withdrawing cyano group 
increases the rate of thiol addition, but in turn decreases the equilibrium constant, possibly 

by decreasing the pKa of the α-proton on the Michael adduct.33b Compound 33 reacts 
rapidly and reversibly with β-mercaptoethanol, but conjugation to COMT has not been 

confirmed.33a RSK inhibitor 34 also reacts reversibly with β-mercaptoethanol and has been 
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confirmed to form a covalent bond to Cys436 of RSK2 through co-crystallography; 
additionally, mutation of Cys436 to valine resulted in a 1000-fold decrease in activity. 

Cyanoacrylamide 34 also displayed inhibition of RSK2 in cells even after washout, with 
RSK2 activity not recovering for 48 h, and the duration of RSK2 occupancy was 
indistinguishable from a known irreversible inhibitor containing a fluoromethyl ketone in 

place of the cyanoacrylamide of 34. However, protein unfolding led to rapid dissociation of 

the RSK2-34 adduct.33a The cyanoenone of 35 reacted as a Michael acceptor both reversibly 
and chemoselectively with small molecule thiols such as β-mercaptoethanol.33c

Small-molecules bearing a variety of different Michael acceptors have also been used as 
chemical biology tools for elucidating biological pathways. Activity based protein profiling 
(ABPP) is a method that enables target identification for compounds that form covalent 
protein adducts and has been reviewed extensively.34 ABPP probes have been used to 
determine the selectivity of nine approved kinase inhibitors and to identify off-targets of the 
approved drug orlistat and other lipstatin analogs.35 Mechanism-based covalent crosslinkers 
have also been used to study protein-protein interactions in the nonreducing fungal 
polyketide synthase (NR-PKS) pathway as well.36

2. α,β-Unsaturated Amides (Acrylamides) and Lactams

2.1. Acrylamides

Unfunctionalized acrylamides are weakly electrophilic and relatively unreactive towards 
thiols; this has led to acrylamides being the most successful electrophile used in targeted 
covalent inhibitors. However, there are exceptions and these include the placement of an 
additional electron withdrawing group at the α position of the acrylamide.33a The relative 
thiol reactivity of acrylamides possessing different substituents were compared in a 
competition assay with a limiting amount of GSH.37 Two acrylamides (2.5 mM of each) 
were reacted with GSH (1.25 mM) in a THF-H2O-MeOH mixture at rt for 20-24 h and the 
amount of adduct formation was determined by integration of HPLC peaks. These 
conditions were chosen to give low conversion to GSH adducts so that the ratios of GSH 
adducts formed would reflect kinetic control. A Lewis basic aminomethylene group at the β 
position 37 afforded more of the GSH adduct relative to an unsubstituted acrylamide 36 

(entry 1, Table 1). Competition experiments between acrylamide 37 and propynamide 39 

showed the acrylamide to be more reactive towards GSH (entry 3, Table 1). However, 

methyl substituted propynamide 41 is more reactive than β-methyl acrylamide 40 (entry 4, 
Table 1).37b Placement of the morpholinomethylene group at the α position of the 

acrylamide affords 42 that is more reactive than β-morpholinomethylene acrylamide 38 

(entry 6, Table 1).37b For unreactive samples, excess base (diisopropylamine or 
triethylamine) was added to the reaction mixture to promote GSH adduct formation (entries 
4,5, and 7, Table 1). Utilizing a different heterocyclic scaffold, β-methyl substituted 

acrylamide 44 showed no adduct formation with glutathione whereas 45 possessing a N,N-
dimethylmethanamine at the β position showed increased reactivity (entry 8, Table 1). The 
authors initially proposed that under aqueous conditions, the dimethylamino group would 
exist primarily in its protonated form, which would lead to an increase in the electrophilicity 
of the Michael acceptor through induction. However, this hypothesis was revised because 
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inhibitor 46 bearing a trimethylmethanium ion did not react with glutathione, therefore it 
was proposed that an intramolecular base catalysis is operating to increase the reactivity of 
GSH (entries 9 and 10, Table 1).37a

Recently, scientists at Amgen examined the GSH reactivity of a series of arylacrylamides.38 

In their study, 34 N-arylacrylamides (1 μM) were incubated with 5000 μM GSH at 37 °C in 
buffer (pH = 7.4) containing 1-1.5% DMSO. The progress of the reactions was monitored by 
LC-MS with the percent of remaining acrylamide determined by MS using an internal 
standard.39 The relative rates of GSH addition to N-arylacrylamides are arranged in 
decreasing order in Scheme 2 and range from 3.38 × 10−5 s−1 (t1/2 = 343 min) for the 
slowest reacting p-methoxyphenyl acrylamide to 1.92 × 10−3 s−1 (t1/2 = 6 min) for the fastest 
reacting o-nitrophenyl acrylamide. Substitution of the aryl ring of N-arylacrylamides at the 
ortho and para positions impacted the reaction rate more than substituents at the meta 
position.38 These rates were correlated to the chemical shifts of Hβ1 and Cβ, as well as 
calculated kinetic reaction barriers, which are discussed in Section 9, Spectroscopic and 
Computational Predictors of Thiol Reactivity for Michael Acceptors, in this perspective.

Similarly, scientists at Pfizer studied a more diverse set of acrylamides substituted with N-
aryl, N-alkyl, and/or substituents at the α or β position of the double bond (Table 2).40 The 
acrylamide (1 mM) was incubated with GSH (10 mM) in buffer (pH = 7.4) containing 10% 
acetonitrile at 37 °C using either LC-MS or 1H NMR to measure the consumption of the 
acrylamide. The researchers found that the rate of GSH addition using 10% 
dimethylacetamide in buffer (pH of 7.4) was slower than the rate measured using 10% 

acetonitrile as the cosolvent for five samples tested.40 The most reactive acrylamides 47-51 

had no substitution at the α or β carbon and were substituted with aryl or heteroaryl groups 
at the nitrogen (entries 1-5, Table 2). Substitution of the β carbon with a trifluoromethyl 

group 52 increased reactivity relative to the unsubstituted acrylamide 55 (compare entries 6 
and 9, Table 2). Alkyl substitution at the α or β carbons greatly reduced reactivity, but some 
reactivity was regained with certain β-aminomethyl substituents (compare entries 12 and 14 

to entries 15-21, Table 2).40 The half-lives of three nonreactive acrylamides 61-63 were 
measured at a higher temperature (60 °C), but only the half-life of cyclobutene containing 

acrylamide 61 decreased significantly, demonstrating the low reactivity of these compounds 
towards thiols (entries 15-17, Table 2).

2.2. α,β-Unsaturated Macrocyclic Lactams

Macrocyclic lactams containing an α,β-unsaturated amide are less common than other types 
of Michael acceptors in natural and synthetic compounds, and a large portion of these 
macrocycles contain peptidic backbones. Microcystins are the most prevalent members of 
the α,β-unsaturated macrocyclic lactam class, and they are heptapeptides containing a 

dehydroalanine moiety; one member from this class of compounds, 68, is depicted in Figure 
10. Microcystins have been reported to form covalent bonds with noncatalytic cysteine 
residues in serine/threonine protein phosphatases (PP1 and PP2A).41 Moreover, GSH and 
cysteine have been shown to add to the exocyclic double bond of the unsaturated amide of 
microcystins; these thiol adducts were tested and showed a 16-fold (GSH adduct) or 7-fold 
(cysteine adduct) reduction in toxicity compared to free microcystins in mice.41b Mutation 
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studies involving the conversion of Cys273 to alanine resulted in the inability of 68 to form a 

covalent adduct, but the inhibition of a C273A mutant PP1 by 68 was not significantly 

affected, suggesting there is considerable noncovalent affinity of 68 for PP1. Covalent 

targeting by 68 was further confirmed by a co-crystal structure of the compound covalently 
bound to Cys273 of PP1.41c, 41d

Rakicidin A (69) shows cytotoxicity against some cancer cell lines and contains a 4-
amido-2,4-pentadienoate moiety that is critical for bioactivity (Scheme 3). A simplified 

analog of 69 was prepared, 70, and shown to form adduct 71 with methyl thioglycolate 
through 1,6-addition after 72 h at rt in DMSO-d6.42

Thalassospiramides are a family of natural products that inhibit human calpain 1 protease 
(HCAN1) with nanomolar activity (IC50 values between 3 and 79 nM for inhibition of 
HCAN1 activity in enzymatic assays).43 Thalassospiramides all contain a conserved 12-
membered macrocycle with an α,β-unsaturated lactam, which is crucial for biological 
activity. Hydrolytic cleavage of the macrocycle at the ester position or hydrogenation of the 

alkenes in thalassospiramide A (72) resulted in compounds with more than a 100-fold 

reduction in HCAN1 inhibition (Figure 11). Macrocycle 72 was recently shown to form 

covalent adducts to catalytic Cys115 of HCAN1 by forming a 1:1 HCAN1:72 adduct 

detected by MS. Additionally, after incubation of the C-terminal domain of HCAN1 with 72 

followed by trypsin digestion, the peptide containing Cys115 covalently bound to 72 was 
detected by LC-MS.43

Pyrrocidine A (73) is a natural product with a 13-membered macrocycle containing a 
pyrrolinone (α,β-unsaturated-γ-lactam) that shows antimicrobial activity and is cytotoxic to 
human promyelocytic leukemia HL-60 cells with an IC50 of 0.12 μM (Figure 12).44 Lactam 

73 reacts rapidly with N-acetyl-cysteine methyl ester in less than an hour in a 70% MeOH/
water solution at 37 °C. The reaction was monitored by HPLC and the adduct confirmed by 
LC-MS.

Small molecule pyrrolinones 74 and 75, that are not dually activated with two conjugated 

ketones as in 73, undergo hetero-Michael additions with 2-mercaptoaniline to afford the 

corresponding thiol adducts 76 and 77 in 80 and 70% yields, respectively; when R was 

bulky, such as the silyl ether in 75, the diastereomeric ratio afforded in the conjugate 
addition was greater than 5:1 (Scheme 4).45

2.3. α-Methylene Lactams

α-Methylene-γ-lactams or 3-methylenepyrrolidin-2-ones are much less common in nature 
than the related α-methylene-γ-lactones. Naturally occurring examples of α-alkylidene-γ-

lactams include pukeleimide (78), possessing an α-methylene group, anatin (79) with an α-

benzylidene group, and gelegamine (80) possessing an α-ethylidene-δ-lactam (Figure 13).46 

In general, α-methylene lactams are less reactive towards thiols than the corresponding 
lactones and formation of the thiol adducts usually requires more forcing conditions.47 For 

example, α-methylene butyrolactam 81 required thioacetic acid solvent and heating to 50 °C 

to obtain adduct 82 in 58% yield;47e for lactams 83, 84, and oxindole 87, thiols were used in 
excess, and base additives were needed to effect thiol addition in good yields (Scheme 
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5).47a, 47b For oxindole 90, thiol addition occurred with an acidic pH between 5 and 5.5 to 

give adduct 91 in 93% yield (based on glutathione).47c α-Methylene-γ-lactams are a 
relatively unexplored Michael acceptor that we expect could serve as an isostere for 
omnipresent α-methylene-γ-lactones that are discussed later in this perspective.

3. α,β-Unsaturated Esters and Lactones

3.1. Acyclic α,β-Unsaturated Esters

Simple α,β-unsaturated, acyclic esters have generally demonstrated less reactivity with GSH 
than structurally similar acrylamides in toxicological assays. Comparisons of acyclic esters 
to other electrophiles are discussed later in this perspective.1, 48 Esterase cleavage of acyclic 
esters is common because of the diversity of esterase enzymes found throughout the body,49 

which has led to esters being the most common functionality used in prodrugs.50 The drug 

dimethyl fumarate (31) rapidly forms adducts with GSH but is also rapidly hydrolyzed by 

esterases to monomethyl fumarate (32), which reacts significantly slower with GSH, as 

discussed above (Scheme 1).32a Rupintrivir (92), developed by scientists at Agouron 
Pharmaceuticals, is an acyclic α,β-unsaturated ester that irreversibly inhibits human 
rhinovirus 3C protease (HRV-3CP) with a kobs/[I] value of 1.47 × 106 M−1s−1 against 
serotype 14 HRV-3CP and bears antiviral activity against 48 rhinovirus serotypes with EC90 

values of 18-261 nM in H1-HeLa or MRC-5 cells with low toxicity (CC50 > 100 μM, Figure 
14).51 Rhinoviruses are the primary cause of the common cold, with at least 100 different 
serotypes known; their 3C proteases have amino acid sequence identities as low as 50%.51 

Although the active site is mostly conserved among HRV-3CPs, the diversity among 
serotypes and the shallow binding pocket make noncovalent inhibition of a large number of 
serotypes difficult. Covalent inhibition allows for the targeting of many different HRV-3CPs 
by forming an adduct with the conserved, catalytic cysteine, even when noncovalent 

interactions may change among the active sites of diverse HRV-3CPs. Contrary to 32, the 

acyclic ester of 92 was stable in human and dog plasma (t1/2 > 60 min) despite being rapidly 
hydrolyzed in rat plasma (t1/2 < 2 min).51 Covalent adduct formation of α,β-unsaturated 

ester 92 with Cys147 of serotype 2 HRV-3CP was demonstrated by co-crystallography.51 

Compound 92 made it through initial Phase II trials with a good safety profile and moderate 
efficacy, but failed in larger Phase II trials due to low efficacy. Recently, there has been a 

renewed interest in 92 and similar peptidic compounds with attached Michael acceptors, for 
the treatment of enterovirus-71, noroviruses, and foot and mouth disease that have 3C 
proteases resembling HRV-3CP.52

The development of 92 began with discovery that peptidic aldehyde 93 is a reversible 6 nM 
inhibitor of HRV-3CP (Figure 14).53 Peptidic aldehydes inhibit cysteine proteases by 
reversible covalent inhibition due to the formation of thiohemiacetals with the catalytic 
cysteine residue, but these aldehydes frequently have poor pharmacological properties.54 

During the optimization of 92, various Michael acceptors were studied. α,β-Unsaturated 

esters of the lead peptide, such as 94, gave the best combination of HRV-3CP inhibition 
(kobs/[I] = 2400-39400 M−1s−1), antiviral activity in cells (EC50 = 0.50-3.6 μM), and low 
cellular toxicity (CC50 > 100 μM; representative examples are shown in entries 1-4, Table 

3).53 Notably, the cis methyl propenoate 95 was 10-fold less active than the trans isomer 94 
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for both HRV-3CP inhibition and antiviral activity (entries 1-2, Table 3). Surprisingly, ester 

98 with an α-fluoro substituent on the alkene had no antiviral activity, while an α-methyl 

ester 97 showed similar antiviral activity (EC50 > 320 μM) to the cis ester 95 (entries 2, 4-5, 

Table 3). α,β-Unsaturated carboxylic acid 99 was inactive for both HRV-3CP inhibition and 

antiviral activity (entry 6, Table 3). α,β-Unsaturated amides 100-103 all showed reduced 
HRV-3CP inhibition (kobs/[I] = 350-8500 M−1s−1) and reduced antiviral activity (EC50 = 16 

to >320 μM), with the exception of a pyrrole or indole 103 attached to the carbonyl carbon 

(representative examples, entries 7-10, Table 3). α,β-Unsaturated acyl indole 103 with a 

kobs/[I] of 53,000 M−1s−1, along with all α,β-unsaturated ketones 104-107 tested, displayed 
reduced activity when pretreated with dithiothreitol (DTT) in a separate experiment, 
suggesting that these Michael acceptors are reactive toward nonenzymatic thiols 
(representative examples, entries 11-14, Table 3). Generally, Michael acceptors that showed 
deactivation by DTT had large kobs/[I] values and were commonly cytotoxic (CC50 < 100 

μM).53 α-Methylene-γ-lactones and lactams were tested, with γ-lactone 109 having 10-fold 

reduced antiviral activity compared to the ethyl propenoate 96, while the N-acetyl-γ-lactam 

110 had similar antiviral activity and a better HRV-3CP inhibition (kobs/[I] = 155,000 

M−1s−1) than ethyl propenoate 96; the activity of the lactone 109 or lactam 110 were 
unaffected by treatment with DTT (compare entry 3 with entries 16-17, Table 3).53 

Interestingly, δ-lactone 111 behaved as a reversible HRV-3CP inhibitor with a Ki of 30 nM, 

indicating that lactone 111 does not undergo hetero-Michael addition to the catalytic 

cysteine of HRV-3CP, or that hetero-Michael addition to lactone 111 is reversible (entry 18, 
Table 3). Further SAR studies used the ethyl propenoate Michael acceptor and optimized the 

rest of the peptidic structure to reach 92, which showed good selectivity for HRV-3CP 
compared to a panel of human proteases.51

In an effort to discover nonpeptidic cysteine protease inhibitors, Kathman et al. utilized a 
fragment based screening method, where different drug-like fragments were attached to an 
electrophilic fragment and tested for their ability to inhibit papain, a model cysteine 
protease.55 The rates of N-acetyl-cysteine-methyl ester addition to N-arylacrylamides 

112-114, N-aryl vinyl sulfonamides 115-117, amidomethyl methacrylates 118-120, and 

vinyl sulfones 121-123 were measured under pseudo-first order conditions (78 mM thiol, 10 
mM electrophile) in 2:1 PBS to DMSO-d6 to find an electrophile that would be relatively 
unaffected by electronically diverse substituents (Figure 15). This allows for optimization of 
the binding affinity (Ki) while the rate of covalent bond formation (kinact) remains constant; 
the use of covalent tethering fragments was recently reviewed by Kathman and Statsyuk.56 

N-arylacrylamides 112-114 showed a 2044-fold difference in the rate of thiol addition 

depending on the aromatic substituent. Vinyl sulfonamides 115-117 showed an 8-fold 

difference, but the acrylates 118-120 and vinylsulfones 121-123 were the least affected by 
various substituents displaying only a 1.6- or 1.4-fold difference between the most reactive 

and the least reactive acrylate (compare 120 to 119) or sulfone (compare 123 to 122, Figure 
15). Amidomethyl methacrylates were used as the electrophilic fragment in further studies 
due to their lower reactivity compared to the vinyl sulfones.

Compound fragments were screened by attaching 100 structurally diverse fragments to an 
aminomethyl methacrylate. Ten compounds at a time (100 μM each) were incubated with 
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papain (10 μM) for 1 h, and whole protein ESI-MS was used to identify compounds that 
covalently bound to papain, with hits defined as any compound that labeled papain by more 
than 50%.55 Three reaction mixtures (10 compounds each) contained a single compound 
that displayed strong covalent labeling of papain, while no significant covalent labeling of 

papain was detected in the other 7 reaction mixtures. Compounds 124 and 125 were 
confirmed to irreversibly inhibit papain with kinact/Ki values of 1.2 and 0.5 M−1s−1, 

respectively, similar to known peptidic papain inhibitors 126 and 127 with kinact/Ki values of 
6.6 and 0.4 M−1s−1, respectively (Figure 16). A similar fragment based approach utilizing a 
small 10-member acrylamide library was utilized to screen for inhibitors of thymidylate 
synthase.57

3.2. δ-Valerolactones, Chromones, Coumarins, and Butenolides

Unsaturated δ-valerolactones are a class of Michael acceptors found in bioactive natural 

products such as leptomycin B (LMB, 128), anguinomycin D (129), and other members of 

this family of antibiotics (Figure 17).58 LMB (128) inhibits CRM1-mediated (chromosome 
region maintenance 1; also referred to as exportin1) protein transport across the nuclear 

membrane completely at 1 nM, 129 completely inhibits at 10 nM, and structurally truncated 

synthetic derivative 130 completely inhibits at 25 nM, demonstrating the importance of the 

unsaturated δ-valerolactone (Figure 17).59 Lactone 128 inhibits the binding of CRM1 
through covalent modification of Cys529.60 The target residue Cys529 was confirmed 

through mutation studies, whereas mutation C529S conferred resistance to 128. Labeling 

studies with 128 using an 18-residue synthetic peptide (residues 513-530), which mimics the 
N-terminal domain of CRM1, in Tris-HCl buffer (pH = 7.5, 18 h) showed a peptide-probe 
adduct via LC-MS, whereas no reaction with GSH (6.5 mM) or cysteine (16 mM) occurred 

under similar conditions (1.8 mM 128).60 The authors attribute this selectivity to the 

hydrophobicity of 128 and hydrophilicity of cysteine and GSH. Biotinylated LMB also 
shows high specificity for CRM1; after biotinylated LMB was incubated with HeLa cells, a 
Western blot of the lysed cells detected CRM1 as the only covalently bound protein.60-61 A 

crystal structure of 128 covalently bound to CRM1 revealed that the lactone of 128 was 
hydrolyzed to the carboxylic acid. It is expected that hydrolysis stabilizes the covalent 
adduct by decreasing the reversibility of adduct formation.62 It was postulated that the 
reverse Michael reaction, governed by the acidity of the hydrogen α to the carbonyl, is 
slower for the carboxylate than the lactone.

Structure-activity relationship (SAR) studies on anguinomycins (e.g 129) and kozusamycins 

(e.g. 131) have found that the unsaturated δ-lactone is critical for potent cytotoxicity (Figure 

18).59, 63 Ando et al. showed that changes made to the lactone of 131 could modulate the 

cytotoxicity of this compound. Analog 132 with a gem-dimethyl substituent at the γ-
position of the lactone showed cytotoxicity towards HPAC cells with an IC50 of 0.04 nM, 

which is similar to the cytotoxicity of 131 of 0.08 nM. Analog 133 with no methyl groups at 
the γ-position, but a new methyl substituent at the β-position showed about a 10-fold 

reduction in cytotoxicity from 132. Analog 134 with a methyl group at the β and γ-positions 
of the lactone showed a large reduction in activity with an IC50 of 180 nM, while analog 

135, with a methyl group at the β-position and a gem-dimethyl at the γ-position of the 
lactone, showed the lowest cytotoxicity with an IC50 of 16,000 nM (Figure 18). It was 
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hypothesized that the decreased cytotoxicity is a result of decreased reactivity of compounds 

132-135 as Michael acceptors (both steric and electronic contributions); however, the 
chemical reactivities of these analogs were not examined.63

Glycanolactones such as 136 are reactive towards thiols at room temperature in aqueous 
media, forming adducts in 30 min without an added base and are stable to chromatographic 

purification.64 The use of carbohydrate derived thiol 137 resulted in diastereoselective 

formation of product 138 in 72% yield, while simple thiols such as thiophenol (not shown) 
gave mixtures of diastereomers in 78% yield (Scheme 6).64 α-Aculosides, a class of 
compounds that are structurally related to the glycanolactones, are found in antibiotics of the 
vineomycin and urdamycin family. These cyclic enones readily react with thiols, as 

demonstrated by α-aculosides 139 and 140 that form adducts 141 or 142 with N-Boc-
cysteine methyl ester in 80 or 67% yield, respectively, and in less than 1 min at 37 °C 
(Scheme 6).65

Generally, thiol adduct formation with α,β-unsaturated δ-valerolactones is performed in the 

presence of a weak base. For example, lactone 143 and mevinolin analog 144 both form 

adducts with thiol acetic acid stereoselectively; lactone 143 forms adducts 145-148 with 
various other thiols in 0.5 to 2 h and 65-97% yields in the presence of catalytic triethylamine 

(Scheme 7).66 Goniothalamin derivative 150, and lactone 151 undergo a highly 
diastereoselective thiol addition, where the thiol adds anti to the trifluoromethyl or 

chloromethylene groups giving adducts 152 or 153 in 86 or 92% yields, respectively.67 

Lactone 154 containing a bulky tert-butyl dimethylsilyl group adjacent to the Michael 
acceptor required heating to 70 °C to effect thiol addition, and thiols added anti to the silyl 

group to afford thiol adducts 155-157; bulkier thiols such as tert-butyl thiol and electron 

poor p-nitrothiophenol failed to react with 154, demonstrating that the electronic and steric 
nature of the thiol also impacts the Michael addition reaction.68

Thiol addition reactions to 2- and 4-pyrones are scarcely reported, but there are examples of 

the addition to structurally related chromones 160 and 161.69 Initial formation of an imine 
between the aldehyde of the chromone and an amine source, followed by hetero-Michael 
addition of a second amine, thiol, or oxygen nucleophile gives products such as 

benzothiazapinone 162, via intramolecular thiol addition, or compounds such as 163-167, 
via intermolecular thiol addition in good yields of 53-89% (Scheme 8).69

There are few reports of coumarins reacting with thiols. Coumarin 168 reacts with p-

toluenethiol yielding adduct 169, and styryl coumarin 170 gives the 1,6-addition products 

171 and/or 172 in good yields (only elemental analyses characterization data was provided, 
Scheme 9).70 Coumarins have been employed as fluorophores in fluorescent probes for thiol 
detection. However, a thiol reactive group is incorporated onto these probes, which typically 
includes a maleimide, unsaturated malonate, benzoquinone, or enone;71 the coumarin group 
has not been reported to react with the thiols in these assays.

Butenolides are found in the cardenolide family of natural products, with two examples, 

digitoxigenin (173) and ouabagenin (174) shown in Figure 19.72 Cardenolides display 
cardiac toxicity, which is lost or reduced upon reduction of the lactone ring.
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Kupchan et al. studied thiol reactivity and the effects of methyl substitution at the α, β, and 
γ positions of butenolides using propanethiol, benzyl thiol, cysteine, and N-acetyl-cysteine 

methyl ester.73 Butenolide 175 containing no methyl substituents and butenolide 176 

containing a methyl substituent at the γ position formed adducts 177-178 with propanethiol 

(Scheme 10). However, butenolides 180 and 181, containing a methyl substituent at the α or 
β position, respectively, only formed adducts with cysteine and the yields for formation of 

adducts 182 or 183 were low (38 or 12%, respectively).73,74 This trend is further supported 

by the reluctance of the cardenolides 173 and 174 to undergo thiol addition under a variety 
of forcing conditions.72

Thiol adducts have been utilized to protect double bonds of α,β-unsaturated carbonyls for 

synthesis applications. For example, in Trost's synthesis of iso-cladospolide B 186, 

thiophenol reacted selectively with the double bond of the butenolide group of 184 and the 

corresponding sulfide was oxidized to the sulfone to give 185 (Scheme 11). The butenolide 

was then re-installed following base-mediated elimination of the sulfone to yield 186.75

Butenolides such as 187, containing a second methylene conjugated at the γ position, form 

1,6-addition products with benzyl thiol and propanethiol (not shown); butenolide 187 

reacted with thiophenol in 10 min at 0 °C giving 1,6-addition product 188 and bis addition 

product 189 in 48 and 16% yield, respectively (Scheme 12).76 Additionally, ring opened 
products were observed in small amounts with thiol nucleophiles.76a Adenine-containing 

butenolide 190 formed thiol adduct 191 at the γ position in 73% yield when treated with N-
acetyl-L-cysteine (NAC, Scheme 12).77 Hakimelahi explained this anomalous result by a 

competing oxonium ion formation, protonation, and 1,4-addition sequence to give 191.77 

The second order rate constant for NAC addition to butenolide 190 was 84.9 M−1s−1, and it 
was shown to be a time-dependent inhibitor of S-adenosyl-L-homocysteine hydrolase with a 
kinact/Ki of 152 M−1s−1.

3.3. Exocyclic α-Methylene-γ-lactones

Sesquiterpene lactones (SLs) are a major class of natural products with a wide range of 
biological activities including antiproliferative, fungicidal, antibiotic, and antiinflammatory 
effects. The main pharmacophore contained in many of these molecules is the α-methylene-
γ-lactone, which is found in ~3% of all natural products and contributes to much of the 
observed biological activities of SLs.78 The exocyclic methylene lactone can undergo a 
hetero-Michael addition with thiols found in cells (e.g. solvent accessible cysteine side 
chains on proteins, endogenous thiols such as GSH) resulting in covalent adduct formation. 
Reduction of the exocyclic methylene routinely eliminates biological activity, with some 
exceptions, even at high micromolar concentrations.79 Several reviews have covered the 
biological importance and therapeutic potential of α-methylene-γ-lactone-containing 
compounds.80 Therefore, the thiol reactivity of these Michael acceptors with cysteines and 
GSH will be the focus here.

A kinetic study by Kupchan et al. compared the reactivity of three α-methylene-γ-lactone-

containing natural products, elephantopin (192), eupatundin, (193), and vernolepin (194), 
with various endogenous nucleophiles in aqueous buffer (pH = 7.4, Figure 20).81 It was 
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determined that each compound underwent a slow addition with lysine, where 75% of the 
starting material was recovered after 6 days at ambient temperature. Moreover, these 

compounds were all found to be completely unreactive towards guanine. However, 192-194 

reacted completely with cysteine within minutes. Compounds 193 and 194 were found to 
preferentially react with cysteine at the exocyclic methylene when one equivalent of cysteine 
was used. The rates of conjugate addition with one equivalent of cysteine to the α-
methylene-δ-lactone and α-methylene-γ-lactone of vernolepin were the same according 
to 1H NMR studies (~200 M−1s−1). Second order reaction kinetics are presented in Table 4 
and show that all compounds react at similar rates to that of iodoacetamide, but 10-80 times 

slower when compared to N-ethylmaleimide. Addition of cysteine to the methacrylate of 195 

(confirmed with 1H NMR) occurs 12 times slower (1.7 M−1s−1) when compared to Michael 

addition to the α-methylene-γ-lactone of the parent compound, 192 (20 M−1s−1).

Helenalin (196) is a natural product containing two Michael acceptors, a cyclopentenone and 

exocyclic methylene butyrolactone. Tenulin (197) is also a natural product but only contains 

one Michael acceptor, a cyclopentenone (Figure 21). Thiol adducts of 196 and 197 were first 
reported by Hall et al., who showed that the bioactivity of a tenulin-cysteine adduct was 6-
fold lower than the parent compound for inhibition of Ehrlich ascites tumor growth in 

mice.82 The GSH and cysteine adducts of 196 were further characterized and the rates of 
adduct formation measured. These studies showed that GSH addition preferentially occurred 
at the cyclopentenone, while cysteine addition occurred at the α-methylene-γ-lactone.83 

Reaction with excess GSH or cysteine led to addition to both double bonds, forming bis-
adducts. The second order rate constant for GSH addition to the cyclopentenone (1.3 × 10−3 

M−1s−1) was 10 times faster than GSH addition to the α-methylene-γ-lactone (1.3 × 10−4 

M−1s−1) as measured by monitoring the disappearance of the olefinic resonances by 1H 

NMR. Cysteine addition to helenalin (196) showed the opposite chemoselectivity, adding to 
the α-methylene-γ-lactone in less than 5 min, while requiring approximately 17 hours to 
completely react with the cyclopentenone olefin to form a bis-adduct. Computational results 
suggest a stabilization of the cysteine-adduct by coordination of the amine to the carbonyl of 
the lactone ring.

Glutathione addition to pseudoguaianolides 198 and 199 containing only the cyclopentenone 
or α-methylene-γ-lactone, respectively, showed pH dependency, with a faster addition 
occurring at a more basic pH.84 Under physiological conditions, GSH was found to react 

very slowly with the exocyclic methylene group of 199. First-order rate constants were not 

calculated for 199 due to the lack of reactivity, however, the apparent second order rate of 

addition for 199 was 10-fold less than that of 198.84

Many structure-activity relationship (SAR) studies exist for natural products, as well as 
synthetic and semi-synthetic analogs, bearing α-methylene-γ-lactones.85 In the case of 

parthenolide (200), one strategy for improving its water solubility and bioavailability 
involved hetero-Michael addition of dimethylamine to the α-methylene-γ-lactone, yielding 

a prodrug, DMAPT (LC-1, 201) bearing a tertiary nitrogen that is eliminated in cells (Figure 
22).85d Regeneration of the intact α-methylene-γ-lactone is required for the biological 
activities of SLs of this class, which typically require covalent adduct formation to 
biological thiols. This prodrug strategy has been recently reviewed,80a and has also been 
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utilized in optimization studies of costunolide (202).86 In a recent study involving arglabin 

(203), amine (205-206, 210-212), thiol derivatives (208-209), and other derivatives involving 

small structural changes (204, 207) to the exocyclic methylene-γ-lactone and periphery of 
the molecule were prepared; their biological activities were analyzed (Figure 23).79c The 
Michael adducts were all active at low micromolar IC50 values (2-20 μM) for cytotoxicity to 
cervical, lung, melanoma, ovarian, colon, thyroid, and breast cancer cell lines, similar to the 

parent compound, where as the structural changes (204, 207, data not shown) abolished 
activity altogether (Table 5).

Biological activity can be attenuated by substituent changes at the exocyclic methylene of α-

methylene-γ-lactones. For example, substitution of compound 213 (IC50 value of 15 μM) 

with an iso-propyl (214), a phenyl (215), or a naphthyl (216) group resulted in IC50 values of 

90 μM (214), 63 μM (215), and 46 μM (216) when dosed to L-1210 mouse lymphocytic 
leukemia cells in a 72 h cytotoxicity assay (Figure 24).87 Steric and electronic effects limit 
the ability of an endogenous nucleophile to undergo a hetero-Michael addition.

The reactivity of the α-methylene-γ-lactone to sulfur nucleophiles has been exploited in 
mechanistic biochemical studies. Attachment of reporter tags (e.g., biotinylation, ‘clickable’ 
reporters such as alkynes and azides) to natural products or synthetic derivatives containing 
α-methylene-γ-lactones has allowed for identification of their covalent protein targets.88 

Within live cell culture and in cell lysate it has been determined that, under physiological 
conditions, probes containing α-methylene-γ-lactones irreversibly target thiols and 
withstand conditions used for protein pulldown studies (see Figure 26). However, detailed 
kinetic studies of the reactivities of α-methylene-γ-lactones and their thiol targets (e.g., thiol 
side chains on proteins; cysteine, GSH) are limited. Hetero-Michael addition of cysteamine 

to the α-methylene-γ-lactone of parthenolide (200) or costunolide (202) occurs in DMSO-
d6 and is irreversible upon dilution with CDCl3 (for more information on this assay and 
other compounds tested, see section 9, Figure 40).

Crews and co-workers performed target identification studies of parthenolide (PTL, 200), 

using the analogous natural product, melampomagnolide B (MelB, 217), which contains an 
allylic alcohol that is useful for chemical modifications such as biotinylation (Figure 25).89 

Using tryptic digestion of purified protein and single point mutation analyses, it was 

determined that 200 covalently modified Cys179 in the activation loop of IKKβ, inhibiting 

phosphorylation of IκB in the NF-κB pathway. With the biotinylated probe 218, they 
demonstrated a dose-dependent covalent interaction with IKKβ in HeLa cells.89a

In related studies, a labeling experiment with biotinylated PTL probe 218 to live normal 
bone marrow and primary acute myeloid leukemia cells revealed formation of probe-protein 

adducts (Figure 25). Enrichment of protein-218 adducts using streptavidin beads followed 
by Western blotting revealed binding to both IKKβ and p65 in primary AML cells.90 A 
subsequent report identified additional proteins involved in management of AML oxidative 
stress as direct targets.88c These data as well as unpublished work from one of our 
laboratories support that many SLs containing α-methylene-γ-lactones are targeting 
multiple proteins with a cell proteome bearing accessible cysteines.
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Protein pulldown and identification studies have been conducted in bacteria using a variety 

of α-methylene-, α-alkylidene-, and α-benzylidene-γ-lactones (219-227, Figure 26). This 
compound-centric approach by Sieber and co-workers showed that these compounds reacted 
with many proteins within bacterial proteomes,88b which is consistent with related studies in 
human cells. A select number of proteins were identified with LC-MS/MS and proteomic 

analysis, including katG, ahpC, and thil; another study found that 220 and 221 labeled TrxA, 
staphylococcal disulfide reductase, and three transcriptional regulators in bacteria (SarA, 
SarR, and MgrA).91

4. α,β-Unsaturated Ketones (Enones)

4.1. Styryl Ketones and Chalcones

Styryl ketones are a class of Michael acceptors that include cinnamates, chalcones, 
curcuminoids, and bis(benzylidenes). Dinkova-Kostova et al. investigated the thiol reactivity 
of some bis(benzylidene)-acetones and bis(benzylidene)-cyclopentanones and compared the 
rates of thiol addition to the ability of these compounds to induce NADPH:quinone 
reductase (NQO1).92 The CD, defined as the concentration of a compound that doubles the 
activity of NQO1, was used for quantitative comparisons of inducer potency, and it was 
found that compounds that reacted faster with thiols correlated to higher CD values.92 The 
rates of thiol addition were measured by UV spectroscopy in 1:1 acetonitrile:Tris-HCl buffer 

(pH = 7.4). For bis(benzylidene) cyclopentenones 228 and 229, an 11-fold increase in the 
rate of DTT addition (2.3 compared to 29 M−1s−1) and a 9-fold increase for GSH (9.3 

compared to 87 M−1s−1) was observed for 229, containing ortho-hydroxyl groups on the 

aromatic ring, compared to 228 (Figure 27).92 For acyclic bis(benzylidenes) 231-233, ortho-

hydroxyl groups (e.g. 232) increased the rate of DTT addition 6-fold from 0.42 M−1s−1 for 

231 to 2.5 M−1s−1 for 232 and the rate of GSH addition 34-fold from 0.15 M−1s−1 for 231 to 

5.0 M−1s−1 for 232, while para-hydroxyl groups (233) decreased the rate of thiol addition 30 
or 145-fold for DTT (0.014 M−1s−1) and GSH (0.001 M−1s−1), respectively, compared to 

unsubstituted 231 (Figure 27).92 It was postulated that an ortho-hydroxyl group aids in thiol 
deprotonation by the mechanism shown in Figure 27.92

Styryl ketones and their corresponding Mannich bases containing different substituents, such 

as 234-241, were reacted with ethanethiol in 1:1 acetonitrile:phosphate buffer at various pHs 
(e.g. 7.4, 7.0, or 6.4, Figure 28).93 The second order rate constants were obtained by UV 
absorbance of diluted aliquots of the reaction mixture at regular time intervals. Decreasing 
the pH from 7.4 to 7.0 resulted in approximately a 60% reduction in the rate of thiol addition 

for the styryl ketones 234-237; a 90% reduction in rate was observed when going from a pH 

of 7.4 to 6.4 for 234-337. The rate of thiol addition to Mannich bases 238-241 decreased 
approximately 50% when going from a pH of 7.4 to 7.0 and 80% when going from a pH of 

7.4 to 6.4.93 Mannich bases 238-241 reacted about 240 times faster than the corresponding 

ketones 234-237, which was attributed to the protonated amine that could stabilize the 
intermediate enolate.93 A doubling of the rate was observed going from a hexyl to a methyl 
substituent for the ketones, which Dimmock et al. attribute to a disruption of solvation 
because of the larger alkyl group, which can stabilize the developing enolate.93
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1-p-Chlorophenyl-4,4-dimethyl-5-diethylamino-1-penten-3-one hydrobromide (CDDP, 242) 
is a styryl ketone/Mannich base similar to those above that was reported to react reversibly 
with β-mercaptoethanol, cysteine, and GSH, but irreversibly with protein thiols.94 The 

reversibility, or irreversibility, was demonstrated by reacting 242 with GSH, or denatured 
bovine serum albumin (BSA), in Tris-HCl buffer (pH = 8.8) containing 1 mM 
ethylenediaminetetracetic acid (EDTA) until complete adduct formation was observed by 
UV and then iodoacetamide was added which would react with any liberated thiols if the 
reaction were reversbile.94 For the BSA solution, no recovery of the enone absorbance of 

242 was observed, while for the GSH solution, nearly complete recovery of absorbance was 
observed after 10 min. Mutus et al. provide two possible explanations for this observation, 
the first being that the reversibility is catalyzed by base and removal of a hydrogen could be 
more difficult in the protein environment, but as they discuss, this may be unlikely under the 
denaturing conditions used. The alternative explanation is that the antiperiplanar 
conformation required to eliminate the thiol is difficult to achieve within the constraints of a 
large protein, while it is facile with small molecule thiol adducts. No change in UV 

absorbance occurred when enone 242 was incubated with other reactive amino acids (Arg, 

Asp, Glu, Lys, Met, Ser, and Tyr), suggesting that 242 is selective for cysteine in biological 
systems.94

Chalcones are a class of styryl ketones flanked by two aryl rings, with the generic structure 

of 243, and they are natural products common to a variety of plants. Antiinflammatory, 
antimalarial, antibacterial, and anticancer activities are among the broad biological effects 
reported for chalcones.95 Amslinger et al. has examined the thiol reactivity of chalcones and 
the effects of modifying substituents on the aromatic rings,96 as well as the effects of 
substituents at the α-position.95 The second order rate constants for the addition of 
cysteamine, a model protein surface thiol due to its pKa of 8.3, were calculated from the 
rates observed under pseudo-first order conditions (40 μM chalcone, 480 to 20000 μM 
cysteamine) by monitoring the decrease in UV absorbance of the enone peak between 350 
and 375 nm.96 These reactions were performed in a solution of Tris-HCl buffer (pH = 7.4) 
and ethylene glycol (1:4), which contained 2 mM EDTA to prevent thiol oxidation, and a 

12-500 fold excess of cysteamine.96 A chalcone bearing a 2'-hydroxy group (244) reacted 
the fastest with cysteamine (k2 = 5.1 M−1s−1) and a chalcone with no aromatic substituents 

(243, R = H) reacted the second fastest (k2 = 3.0 M−1s−1).96 All other chalcones with 
hydroxy and alkoxy substituents at various positions on the aromatic rings reacted with a k2 

between 0.1 and 1 M−1s−1, and it was observed that a 2'-hydroxy group generally increased 
the rate of thiol addition while 2'-alkoxy groups reacted more slowly.96 When 2'-hydroxy 
groups were present, cyclization of the pendant amine from cysteamine into the ketone led 

to formation of the 1,4-tetrahydrothiazepine 245,96 which has also been reported to occur 
with unsaturated aldehydes as discussed later (Scheme 13).97 Amslinger et al. postulated 
that the 2'-hydroxy group engages in an intramolecular hydrogen bond to the carbonyl to 

activate it towards thiol addition as shown in chalcone 244.

The rate constants for a series of α-substituted 2',3,4,4'-tetramethoxy chalcones (246-259) 
were also determined by Amslinger et al. using the method described above, and it was 
found that varying the substituent at the α position of the enone led to rates of thiol addition 
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spanning 6 orders of magnitude (Table 6).95 As expected, electron withdrawing groups 
increased the rate of cysteamine addition, while electron donating groups decreased the 
reactivity.95 Reactivity studies with the α-halogen compounds yielded unanticipated results 

where the rate of cysteamine addition was α-Br (249) > α-Cl (250) > α-I (252) > α-H (254) 

> α-F (255), showing that the α-F substitution was deactivating (entries 4-5, 7, 9-10, Table 

6).95 The α-CO2H (259) was the slowest reacting compound, whose deactivating nature was 
attributed to formation of the carboxylate at a pH of 7.4, which would decrease the 
electrophilicity of the alkene.95 The fastest reacting compounds had the strongest electron 

withdrawing capacity with α-CN (246) > α-NO2 (247) > α-CF3 (248) and k2 values of 
5750, 749, and 17.1 M−1s−1, respectively (entries 1-3, Table 6).95 The rates of β-
mercaptoethanol and GSH addition were measured for several compounds and the same 
trends were observed, although the rates were decreased more than 10-fold compared to 
cysteamine addition.95 Other α,β-unsaturated carbonyls were tested in this assay including 

cinnamaldehyde and curcumin (260), which had k2 = 0.64 and 0.066 M−1s−1 respectively, 
while cinnamic acid and its derivatives, caffeic acid and its phenylethylester, as well as 
coumarins such as 3-hydroxycoumarin, kaempferol, and quercetin all showed no reaction or 
exceedingly slow rates of covalent adduct formation (< 0.001 M−1s−1) with 500-fold 
cysteamine after 63 h.96

The influence of these electrophiles (246-259) on the cellular activities of heme oxygenase 
(HO-1) and inducible nitric oxide synthase (iNOS) was measured in murine macrophage 

cells (RAW264.7) treated with 246-259 (Table 6). Some correlation between the rates of 
thiol addition and bioactivity were observed apart from the two most reactive chalcones α-

CN 246 and α-NO2 247 which had no significant toxicity, HO-1 induction, or iNOS 
inhibition, possibly due to inactivation by GSH-conjugation.95 For iNOS inhibition, α-CF3 

(248) > α-Br (249) > α-Cl (250) > α-I (252), which correlated to their rates of thiol 

addition; however, α-p-NO2-C6H4 chalcone 251 did not inhibit iNOS. These results suggest 
that intermediate electrophilicity may be the most beneficial for biological effects, although 
other α-CN enones have been shown to act as reversible covalent modifiers and are 
discussed in the dually activated Michael acceptor section of this perspective.33a, 33c

Curcumin (260), a natural product derived from the spice turmeric, has dienone like 
character due to its preference for the enol form of the β-diketone and has been shown to 
form bis-GSH adducts by LC-MS;98 two diastereomeric mono-GSH adducts were also 
characterized by MS and 1H NMR (Figure 29).99 A number of biological effects have been 

reported for enone 260, such as inhibition of NF-κB signaling and cell proliferation, 
induction of apoptosis, and prevention of β-amyloid fibril formation.99 Some biological 
effects have been shown to be dose dependent, where low doses of curcumin show 
antioxidant and glutathione-S-transferase (GST) induction, but higher doses are pro-oxidant 
and suppress GST activity.99 Usta et al. demonstrated that five related GST enzymes could 
catalyze the conjugation of GSH to curcumin with various rates, which could be a reason for 
the differential effects of curcumin in cell types with varying GST levels.99

Sun et. al. showed that dienones 261 and 264 form covalent adducts with GSH at both 
double bonds (Scheme 14).100 Only the bis-GSH adducts were detected by LC-MS when 2.1 

equiv of GSH were reacted with either 261 or 264, but mixtures of mono and bis adducts 

Jackson et al. Page 20

J Med Chem. Author manuscript; available in PMC 2018 February 09.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



were detected when 1 equiv of GSH was used.100 It was observed that 261 formed adducts 

instantly, while 264 took several hours for complete adduct formation.98-99 The reversibility 

of the GSH adducts was demonstrated by reacting the bis-GSH adduct 262 with 261, which 

resulted in GSH transfer, yielding bis-GSH adduct 263 and dienone 264. The cytotoxicity of 
the GSH adducts was the same as the parent compounds in MDA-MB-435 human breast 

cancer cells (IC50[218] = 1.5 μM, IC50[215] = 1.0 μM), which also suggests reversible GSH-
adduct formation.100

4.2. Macrocyclic Enones - Resorcylic Acid Lactones

Resorcylic acid lactones (RALs), such as hypothemycin (265), are a family of benzannulated 
macrolides produced by fungi with a 12- or 14-member macrolactone and many contain a 
cis-enone. RALs exhibit a variety of biological properties including antifungal, antibiotic, 
antitumor, and antiviral activities by inhibiting heat shock protein 90 (HSP90), mitogen 
activated protein kinases (MAPKs), herpes simplex virus 1 (HSV1), and the NF-κB 
pathway.101 The cis-enone functionality of many RALs leads to irreversible, covalent 
inhibition of kinases in the MAPK signaling pathway by hetero-Michael addition of a 
conserved cysteine located in the ATP binding pocket.102 RALs have been used as chemical 

biology probes, where an alkyne tagged hypothemycin 266 was used to identify the kinase 
Trypanosoma brucei CDC2-like kinase (TbCLK1) as a target for treating Human African 
trypanosomiasis (Figure 30).103 Synthetic strategies to access RALs have been 
reviewed,101a, 101b and SAR studies have observed that nearly all modifications resulted in 

lower activity compared to the natural product LL-Z1640-2 (267).102 Addition of a methyl 

group to the α or β position of the enone (268 and 269) completely abolished activity for the 
inhibition of tumor necrosis factor phospholipase A2-activating protein (TNFα-PLAP), 

while an α-fluoro substituent (270) resulted in a small 3-fold decrease in activity relative to 

the parent natural product 267 (Figure 30).102

Fluoroenone 270 and the parent compound lacking a fluorine, 267, were reacted with DTT 

and it was observed that 270 reacted more slowly than 267 and showed reduced potency 
against kinases VEGFR-2 and tyrosine-protein kinase KIT (CD117 or proto-oncogene c-

Kit).104 Studies with 265 have shown ATP-competitive, time-dependent inhibition of a 
subset of kinases containing a conserved cysteine residue in the ATP binding pocket.105 

Schirmer et al. screened 124 kinases for inhibition by 265 and found that 18 out of 19 
kinases containing the conserved cysteine were inhibited while only three of the 105 kinases 
lacking the conserved cysteine were targeted, demonstrating the utility of covalent targeting 

to discriminate between structurally related proteins. It was also shown that 265 formed 
stable adducts with Cys166 of extracellular signal-related kinase 2 (ERK2).105 The kinact/Ki 

of hypothemycin (265) ranged from 160-120,000 M−1s−1 for various kinases and was much 
greater than the k2 values for reactions with small molecule thiols such as β-
mercaptoethanol and GSH (3.6 and 6.6 M−1s−1, respectively), showing that reactions with 
kinase targets are faster than reactions with free thiols.105

Incorporating an α,β-unsaturated lactam in place of the enone of RALs led to inhibitors of 
MAPK interacting kinases (MNK1/2), where the reactivity of the unsaturated lactam could 
be tuned by substitution of electron-withdrawing acetyl group on the nitrogen.106 The thiol 
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reactivity of RAL 271 (NH) was compared to the N-acyl derivative 272, and it was shown 

that lactam 271 did not react with cysteamine or with MNK1/2 as evidenced by 1H NMR 

and MS (Figure 31). However, the corresponding N-acyl analog 272 formed thiol adducts 
with cysteamine and MNK1/2.106 Incorporation of an unsaturated lactam and a trans-enone 

in the macrocyclic ring for RAL analog 273 resulted in a loss of potency towards various 
kinases; selectivity for platelet derived growth factor receptor α (PDGFRα) was also lower 

compared to the trans-enone with an alkene 274, and both 273 and 274 were less potent than 

the natural product 267.107 FMS-like tyrosine kinase 3 (FLT3), a receptor tyrosine kinase in 

the same family as PDGFRα, is also inhibited by RAL natural products such as 265 and 267 

at low nanomolar concentrations. Simpler, non-macrocyclic RAL analogs 275-277 were 
prepared with acrylamide or maleimide Michael acceptors and inhibited FLT3, albeit with 
lower potency than the natural products.108 These compounds were also shown to form 
adducts with cysteamine by 1H NMR. The effects of substituents on the ester or aromatic 

ring were also examined, with the morpholine and isopropyl ester shown in 275-277 

generally giving the most potent RAL analogs. Maleimide 277 was about 10-fold lower in 
activity than natural product RALs, despite being a more reactive electrophile than the cis-

enone RALs, while acrylamides 275-276 were about 100-fold less active than natural 
products, demonstrating the importance of noncovalent recognition.

4.3. Cycloalkenones-Cyclopentenones and Cyclohexenones

Cyclopentenone prostaglandins (CyPGs) are a family of compounds possessing rich 
biological activities including antiinflammatory, antiproliferative, antiviral, and 
neuroprotective effects that are therapeutically beneficial.109 However, CyPGs may also 
promote less desirable effects such as tumor cell proliferation or neurodegeneration.109 

Proteomic studies of the electrophilic action of CyPGs, their signaling targets, and their 
potential in overcoming tumor resistance have been reviewed.109 This section of this 
perspective focuses mainly on the reported thiol reactivity of CyPGs.109a Several CyPGs are 

depicted below (278-289) that show the variability in substitution patterns, mainly the 
degree of unsaturation in the cyclopentanone and side chains, as well as the placement of the 
alkene and hydroxyl groups (Figure 32).

CyPGs were first reported to react with thiols by Lederle Labs in 1973, when they showed 

that 15-O-acetylprostaglandin A2 methyl ester (280) reacted with excess thioacetic acid to 
give the conjugate addition adduct in 90% yield, the stereochemistry of the newly formed 
thiol ester at C11 was undetermined.110 It was subsequently shown by Merck Laboratories 

that in red blood cells, containing 2.5 mM exogenous GSH, polar adducts of PGA1 (278) 
were formed, and these adducts were partially characterized using MS by Pisano et al. in 
1976.111 Both of these studies measured the extent of polar adduct formation in red blood 
cells using radioactive (3H-labeled) prostaglandins. After incubating the prostaglandins with 
cysteine or GSH in PBS or Tris-HCl buffer (pH = 7.4), adduct formation was stopped by 
acidification of the solution to pH 3-4, which protonates the remaining thiolates to halt 
nucleophilic attack, followed by removal of free prostaglandin with an ethyl acetate 
extraction.111 Polar adducts of PGs with cysteine or glutathione remained in the aqueous 
layer and the amount of radioactivity extracted into ethyl acetate was measured to determine 

the amount of free prostaglandin.111 PGA1 (278), PGA2 (279), PGB1 (281), PGE2 (287), 
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and PGF2α (289) were reacted with GSH, but only 278 and 279 formed water soluble 

adducts.111b PGE2 (287) and PGF2α (289) both lack enones, and therefore do not form 

covalent adducts to thiols, while the lack of reactivity of 281 is attributed to the less reactive 
tetra-substituted enone. The extent of polar adduct formation was also measured by reacting 

a solution of red blood cells with 3H-PGA1 (278).111a After centrifugation, 36% of the 
original radioactivity was observed in the supernatant and 55% remained in the aqueous 
layer.111a The extent of adduct formation never reached 100% suggesting that adduct and 
free prostaglandin exist in equilibrium in solution. It was also found that raising the pH > 9 
resulted in quantitative extraction of the free PG from the aqueous solution, demonstrating 
the reversibility of these adducts under basic conditions.111 These experiments were the first 
to measure the reactivity of biologically relevant thiols with CyPGs in a cellular 
environment.

Roberts et al. compared the rates of GSH addition to Δ12-PGJ2 (283) and Δ12-PGD2 

(286).112 Δ12-PGJ2 (283) formed covalent adducts with GSH faster than 286, with the cross-
conjugated dienone reacting to 70% completion in two min, while the alkylidene 
cyclopentanone reacted to 38% completion in 60 min.112 The reaction between the CyPGs 
and GSH was measured by extractable radioactivity as described above, and the 
corresponding adducts were characterized by 1H NMR and MS.112 The rate of cysteine 

addition to both 283 and 286 was faster than that of GSH, with 85% adduct formation for 

283 and 60% adduct formation for 286 after two min.112 GST was shown to increase the rate 

of GSH addition, which was most significant for the formation of GSH adducts to 286, but 
had no effect on the rate of cysteine addition.112 Depletion of GSH from the media of 
cultured hepatoma and CHO cells resulted in a two-fold enhancement of the antiproliferative 

activity of 283; Roberts et al. suggested that GSH aids in the removal of CyPGs from 
cells.113

The thiol reactivity of enone and cross-conjugated dienone CyPGs was compared by Noyori 

et al. where Δ7-PGA1 methyl ester (290) and PGA1 methyl ester (291) were reacted with 
various thiols including methanethiol, butanethiol, β-mercaptoethanol, cysteine, and GSH 
(Scheme 15).114 The rates and equilibrium constants were measured by UV spectroscopy 
and the thiol adducts were characterized by 1H NMR, 13C NMR, and MS. It was found that 

290 reacted 6-8 times faster with thiols than 291.114 However, at equilibrium the dienone 

290 generally favored the free PG with Keq ranging from 0.35-1.6 M−1 for different thiols, 

while the enone 291 favored adduct formation with Keq ranging from 6.1-10.8 M−1 for 
different thiols (Scheme 15).114

Although CyPG adducts of free, soluble thiols such as cysteine, GSH, or other non-
biological thiols, have been shown to be reversible, the adducts of CyPG and polymer-
bound, immobilized thiols are stable under physiological conditions and require basic 
conditions (pH > 9) to dissociate.114 The stability of these immobilized thiol adducts is 
thought to be representative of the stability of CyPG-protein adducts; moreover, their 
detection using proteomic methods was recently reviewed by Pérez-Sala et al.109a Survival 
of CyPG-protein adducts to cell lysis, gel electrophoresis, tryptic digestion, and LC-MS 
purification and fragmentation further demonstrates the stability of the CyPG-protein 
adducts.109a
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The use of recombinant proteins allows for the determination of covalently modified sites, 
and in many cases, multiple cysteine residues form adducts with CyPGs.109a However, 
CyPGs can show site selectivity. For example, Keap1 was modified at Cys273, Cys297, and 

Cys489 by enone PGA1 (278), but it was modified at Cys273 and Cys288 by dienone 15d-

PGJ2 (284).115 Modification of purified proteins by CyPGs can lead to different cysteine 
modifications than are observed in intact cells or cell lysates.116 Differential cysteine 
modification of proteins by structurally similar CyPGs was lost with cell free extracts but 
was partially recovered by addition of GSH to these extracts.117 The formation of reversible 
GSH-CyPG adducts could explain why addition of GSH to cell extracts leads to a partial 
recovery of the cysteine selectivity observed in cells. In the case of GSTP1-1, an enzymatic 

assay identified covalent adduct formation of dienone 284 with Cys47 and Cys101 by MS 
analysis of tryptic digests, but experiments with intact cells showed only addition at 

Cys101.117 The kinact/Ki for 284 inhibition of GSTP1-1 was 1.4 × 10−5 M−1s−1. GSTP1-1 

undergoes oligomerization in response to stress, which affects enzyme activity, and 284 

induces irreversible oligomerization of GSTP1-1. Mutation of Cys47 to serine of GSTP1-1 

in Jurkat cells increased 284 induced GSTP1-1 oligomer formation relative to the wild-type 
as measured by Western blot analysis of GSTP1-1, while mutation of Cys101 to serine 

abolished oligomerization.118 Pérez-Sala et al. attribute 284 induced oligomerization to the 
crosslinking of two cysteine residues, as prostaglandins containing a single enone (either the 
endocyclic or exocyclic) do not induce oligomerization.

Cross-conjugated dienone CyPGs have been shown to function as cross-linkers with nearby 
cysteine residues through bis-adduct formation. For example, H-Ras protein adducts with 

dienones 283 and 284 were detected in cells incubated with these prostaglandins by Western 

blot. When recombinant H-Ras was treated with 284, the major adduct detected by MS after 
trypsinization was K170-K185 (KLNPPDESGPGCMSCK), which was synthesized and 
used for further studies. Crosslinking of two cysteine residues in the C-terminal peptide 

K170-K185 of H-Ras was observed for 284, which formed a 1:1 adduct with peptide K170-
K185 containing Cys181 and Cys184 but left no free cysteine residues. A proposed structure 
for the crosslinked peptide is shown in Figure 33, where a single molecule of a CyPG with 
two Michael acceptors forms covalent bonds to two cysteine residues.119 When a control 
peptide K170-K185, was reduced with DTT and alkylated with iodoacetamide, peptide 
adducts with one or two molecules of acetamide were detected by MS, corresponding to 
alkylation of one or two cysteine residues. However, after treatment of peptide K170-K185 

with dienone 284, the peptide was reduced with DTT, and treated with iodoacetamide, and 
no alkylation by iodoacetamide was observed. Known cysteine crosslinking agent 

dibromobimane, or dienone 283, behaved similarly giving the peptide K170-K185 as a 1:1 
adduct with no free cysteine residues. In contrast, when peptide K170-K185 was treated 

with enone 282, a CyPG containing a single Michael acceptor, a 2:1 ratio of 282:peptide 
K170-K185 was detected by MS. Crosslinking of two monomeric units of GSTP1-1 by a 

single molecule of a dienone CyPGs (either 283 or 284) was also detected; this 
oligomerization led to inhibition of this enzyme.118

Clavulones are a class of natural products structurally similar to the prostaglandins with the 

exception of a 4-acetoxy group on the cyclopentenone ring; clavulone (295) is one 
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representative of this class (Scheme 16). Clavulones react irreversibly with nucleophiles by 
conjugate addition followed by β-elimination of the 4-acetoxy group. Simple clavulone 

analogs such as 296-298 form mono and bis adducts with β-mercaptoethanol when reacted 

for 24 h in dichloromethane with triethylamine (Scheme 16).120 Clavulone analog 298, with 

an acetate group afforded bis adduct 304 in 78% yield, with no monoadduct 301 detected, 

while the alcohol 297 gave 65% of the bis adduct 303 and 14% of the mono adduct 300.120 

Compound 296 with a THP ether gave only 6% of the bis adduct 302 with no mono adduct 
and 85% of the SM recovered.120

Other structurally simplified analogs of clavulones were tested for their reactivity with GSH 

and N-Boc-cysteine methyl ester.121 Enone 305 formed bis adduct 308 with GSH through a 

pathway presumed to occur through conjugate addition to give 306, followed by a β-

elimination of the tert-butyl dimethylsilyl ether to afford enone 307, which then participates 
in a second conjugate addition reaction, although these intermediates were not isolated 
(Scheme 17). Formation of this adduct was reversible as shown in a crossover experiment 

where GSH-adduct 308 was reacted with N-Boc-cysteine methyl ester to produce the thiol 

adduct 309 in 16% yield.121 Reaction of the cross-conjugated dienone 310 with N-Boc-

cysteine methyl ester produced mono-adduct 312 in 88% yield in 2 h, but, after allowing to 

react for 14 h, bis-adduct 314 was produced in 49% yield (Scheme 17).121 However, when 

dienone 311 was reacted under identical conditions, only mono adduct 313 was formed in 
75% yield, even when extending the reaction to 72 h, thereby supporting their notion that an 
irreversible loss of the TBS ether was the driving force for formation of the bis-adduct.121 

Mono-adducts 312 and 313 displayed similar biological activities as the parent 
cyclopentenones for activation of heat shock transcription factor (HSF) and inhibition of NF-

κB signaling, while bis-adduct 314 showed no activity.121

The regiochemical outcome of nucleophilic attack on cross-conjugated cyclopentenones can 

depend on many factors. Danishefsky used the fused ring system 315 and found that 

nucleophilic addition by the carbanion of dimethylmalonate 316, silyl enol ether 317, or 

allyl silane 318 occurred exclusively at the ring fusion carbon (representative of endocyclic 

attack) to give products 319 or 320 (stereochemistry not determined), which was attributed 
to energetically favorable rehybridization in the formation of the enolate (Scheme 18).122 

However, when monocyclic α-methylene or α-ethylidene cyclopentenones 321 or 322 were 

reacted with carbanion 316 or phenyl thiolate nucleophiles, exclusive addition to the 
exocyclic double bond was observed.123 The phenyl substituent on the cyclopentenone 

likely deactivates the endocyclic position as dienone CyPGs such as Δ7-PGA1 285 formed 
adducts predominantly at the endocyclic position; alternatively, the additional steric bulk of 
the alkyl chains on the CyPGs could deactivate the exocyclic position. Another alternative 
explanation could be that addition to the phenyl substituted endocyclic enone is reversible 
whereas addition to the exocyclic methylene is irreversible resulting in the more 
thermodynamically favored adduct. Unfortunately, further experiments were not conducted 
to determine the potential of the latter hypothesis.114

The addition of benzenethiol catalyzed by triethylamine to differentially substituted 
cyclopentenones was reversible in chloroform, but the reaction did not occur without 
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addition of base. 2-Cyclopentenone (327) reacted fastest and favored the product 330 at 

equilibrium (Keq = 3,900 M−1); for 2-methyl-2-cyclopentenone (328), a methyl group at the 
α-position decreased the rate by about three orders of magnitude with a small preference for 

adduct 331 at equilibrium (Keq = 1.28 M−1, Scheme 19). A methyl group at the β-position, 

as seen in 3-methyl-2-cyclopentenone (329) decreased the rate of thiol addition even more 

with a slight preference for the starting cyclopentenone 329 at equilibrium (Keq = 0.88 
M−1).124

Di- and triquinanes containing cyclopentenones have shown antiproliferative activity with 
IC50 values between 0.11-5.7 μM in cancer cell lines (P388, L1210, 3LL, and LY cells), with 

representative compound 333 shown to form adducts 334-335 with cysteine and 
propanethiol in good yields (Scheme 20).125

The kaurane diterpenoids are a class of natural products containing over 600 compounds 
isolated from plants of the genus Isodon (Lamiaceae), and a significant portion of these 
molecules contain an α-methylene cyclopentanone.126 The biological effects for these 
compounds include antitumor, antibiotic, antiinflammatory, and antiviral activities.126a More 
specifically, compounds in this class have been shown to inhibit NF-κB signaling, including 

the dual Michael acceptor Eriocalyxin B (336).127 Eriocalxyin B (336) also downregulates S 
phase kinase-associated protein 2 (Skp2) inducing G2/M cell cycle arrest, inhibits HSP70 
1A, and intercalates into DNA.106, 128 The identification and biological activities of these 
compounds have been reviewed extensively.126 Despite the large interest in these 
compounds, studies to investigate their thiol reactivities are limited. Kubota et al. first 

reported that enmein (337) and oridonin (339) formed adducts with cysteine while analogs 
not possessing the exocyclic enone, dihydrooridonin and dihydroenmein (not shown), did 

not (Scheme 21).129 Fujita et al. characterized propane thiol adduct 340, which formed in 

DMF in quantitative yield, and cysteine adduct 341, which formed in 1:1 EtOH:PBS buffer 

(pH = 7.2) with quantitative yield in only 10 min.130 Fujita et al. also showed that 339 

derivatives containing a reduced enone lost antitumor and antibacterial activity, 
demonstrating the importance of the α-methylene cyclopentanone for their biological 
activities.130

Oridonin (339) is one of the most studied members of the kaurane diterpenoids and has been 
shown to form a covalent adduct with Cys267 of HSP70 1A,128b sensitize cells to radiation, 
and deplete GSH levels in cells leading to an increase in reactive oxygen species (ROS).131 

The addition of NAC prevents the reduction of GSH levels and also the apoptotic effects of 

339, possibly by addition of NAC to the α-methylene cyclopentanone of 339.131b A similar 

compound, 13-hydroxy-15-oxo-zoapatlin (OZ, 338), was observed to form a reversible 

adduct with GSH; additionally, a 338 adduct to Cys25 of Trx was detected by MS analysis 
of tryptic peptides of Trx, which is one of two reactive cysteines in the active site.132 Similar 

to 339, these effects were prevented by addition of NAC.

Structurally simplified cryptocaryone analogs, such as 342 that contain a cyclohexenone, 

reacted with cysteamine in PBS buffer (pH = 8) yielding the thiol adduct 343 within 5 min 

by 1H NMR and MS analysis (Scheme 22). Compounds such as 342 were found to possess 
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NF-κB inhibitory activity and antiproliferative activity to cancer cells in the micromolar 
range.133

Calicheamicin (344) is a DNA intercalator that undergoes thiol activation and subsequent 
intramolecular hetero-Michael addition causing electrocyclization of the ene-diyne to form a 

phenylene diradical 347 that promotes DNA strand cleavage.134 One activation pathway 

involves cleavage of the trisulfide of 344 by a thiol, such as GSH, to form the sulfide 345 

which undergoes intramolecular hetero-Michael addition to afford 346 triggering a Bergman 

cyclization of the ene-diyne to produce 347 (Scheme 23). The phenylene diradical then 

abstracts hydrogen atoms to provide 348. The structurally simplified analog 349 has been 
shown to undergo intermolecular thiol addition of p-chlorothiophenol, which similarly 
triggers a Bergman cyclization of the ene-diyne.134a

4.4. Cyclopentenediones

Cyclopentenediones are a class of natural products isolated from plants, which include 

lucidone (351) and related compounds 352-354 (Figure 34). These compounds possess an 

array of bioactivity; for example, 351 displays induction of HO-1/Nrf2 antioxidant genes 

and inhibition of the NF-κB pathway and MAPKs.135 Cyclopentenediones 352-354 display 
inhibition of human chymase, leishmanicidal activity, antitumor activity, and inhibition of 

farnesyl protein transferase.136 Synthetic cyclopentenediones 355-357 were developed as 
irreversible inhibitors of the zinc endopeptidase of botulinum neurotoxin A; these 
compounds also exhibited fast reaction kinetics with GSH (Figure 34).137

The reaction between cyclopentenedione 358 and cysteamine formed adduct 359 in 89% 

yield (Scheme 24). Biotin was conjugated to the Michael adduct 359 via the primary amine, 

and this probe (360) was used to label sulfenic acids in proteins.138 GSH also reacted with 

358, and the adduct was used in the preparation of Kef bacterial potassium efflux 
activators.139 However, a series of N-alkyl substituted maleimides reacted with GSH to give 

adducts in higher yields (74-97%, not shown) than cyclopentenedione 358, and the 
maleimides were more potent activators of Kef. Cyclopentenediones possess reactivity 

patterns similar to that of maleimide; for example, dione 363 reacts to 90% completion with 
NAC in less than 10 min in aqueous buffer at a pH of 5.5, 6.5, or 7.5 (Scheme 24). Adduct 

364 showed stability during one month of monitoring by 1H NMR. Moreover, 

cyclopentenedione 363 was stable at higher pH values compared to the maleimide which 
suffered hydrolytic ring-opening under basic conditions.140

5. α,β-Unsaturated Aldehydes (Enals)

α,β-Unsaturated aldehydes pervade our environment as air pollutants, water contaminants, 
flavoring agents, and food components and are produced endogenously via lipid 
peroxidation and drug metabolism.141 Despite this ubiquity and known health risks, little is 

known about the molecular mechanisms of toxicity. Acrolein 365 reacts with GSH to give 

1,4-adduct 367 with a rate constant of 120 M−1s−1 in pH = 7.4 PBS buffer; crotonaldehyde 

366 reacts about 150 times slower (k1 = 0.78 M−1s−1) due to the methyl group at the β-

position (Scheme 25).142 Acrolein 365 and crotonaldehyde 366 both form bis-adducts with 
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cysteine through a 1,4-addition to give intermediates 369 or 370 with rates of 220 and 8.9 
M−1s−1 respectively, followed by rapid condensation with a second cysteine to form a 

thiazolidines 371 and 372 (Scheme 25).143 These rates were measured by UV spectroscopy, 
and it was determined that hetero-Michael addition of cysteine was the rate determining step 

and cyclization to the thiazolidines 371 and 372 was much faster. 4-Hydroxy pentenal (373) 

reacts with cysteine to form cyclic hemiacetal 374 at a rate of 25 M−1s−1, but 374 slowly 

reacts with a second equivalent of cysteine to give thiazolidine 375 with a rate of 1.1 M−1s−1 

(Scheme 25).143 Although acrolein and other aldehydes form stable cyclic adducts with 
cysteine and GSH, acrolein adducts between a cysteine embedded within a protein are 
unstable in vivo due to competing Schiff base formation via a mechanism that involves a 
release of the thiol; this may explain why most detected aldehyde-protein adducts are those 
formed with lysine or histidine residues, despite thiol addition being faster.144 The stability 
of aldehyde-amine adducts compared to aldehyde-thiol adducts could explain the results of 
Chan et al. who found that the reactivity of aldehydes towards amines correlated much better 
to hepatocyte toxicity than the corresponding thiol reactivity.145

6. Toxicological Studies on Simple α,β-Unsaturated Carbonyls

Reactive carbonyl species, which can damage proteins, are generated as intermediates in 
cellular processes (e.g. sugar auto oxidation, lipid peroxidation, and glycation).146 

Compounds containing thiols and amines were tested together for their ability to 
competitively form adducts with reactive carbonyl species, such as acrolein, in order to 
develop a method for evaluating reactive carbonyl scavengers with potential therapeutic 
value.146 In general, thiols were more reactive than amines, and the fastest reacting 
scavengers contained an α-amino-β-mercaptoethane structure such as cysteine or 
cysteamine. The reactivity of thiols towards α,β-unsaturated carbonyls decreases in the 
order of aldehydes > ketones > esters > amides, but small changes to the Michael acceptor 
structure can have a significant impact on its reactivity. Studies have been conducted 
correlating thiol reactivity with toxicity in living systems by Schüürmann and co-workers 
who screened thiol reactive molecules. Initially, SAR studies were correlated to the rate of 
reaction with GSH in buffer (pH = 7.2) containing 5-20% DMSO.48b RC50 values, defined 
as the reaction concentration that produced 50% reaction with GSH after 120 min, were 
assigned to each of these compounds. In general, cyclic α,β-unsaturated ketones reacted 
faster than acrylates and substituents at the α or β position of the alkene resulted in a 
significant decrease in the rate of reaction.

The relationship of Michael acceptor reactivity to biological toxicity was further studied in a 
subsequent paper where the reaction kinetics of GSH addition to α,β-unsaturated carbonyls, 
including aldehydes, ketones, and esters, in PBS buffer (pH = 7.2) was compared to the 
ciliate toxicity of these compounds; examples representing the most structurally diverse α,β-
unsaturated carbonyls are shown in Table 7.48a, 48b The rate of GSH addition to structurally 
similar enals and enones was comparable, with enals being slightly faster to react (compare 
entries 4 to 12, 6 to 14, and 8 to 16, Table 7). α,β-Unsaturated esters were much slower to 
form adducts with GSH than related enals (compare entry 9 to 27) or enones (compare 
entries 10 to 22 and 14 to 24, Table 7). In general, conjugation to an alkyne increased the 
reactivity relative to an alkene (compare entries 1 to 6 for aldehydes, 11 to 12 for ketones, 
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and 19 to 22 for esters, Table 7). Alkyl substituents at the α or β position of the alkene 
significantly reduced the rate of GSH addition to enones (compare entry 10 to 12), 
cyclopentenones (compare entry 13 to 17 or 18), and α,β-unsaturated esters (compare entry 
22 to 25 or 26, Table 7). Alkyl substituents at the β position of the alkene reduced the rate 
more than substituents at the α position for enals (compare entry 3 to 4) or cyclopentenones 
(compare entry 17 to 18), but the opposite was seen for esters (compare entry 25 to 26, Table 
7).48a Multiple alkyl substituents at the α and/or β position of the alkene had the largest 
impact on reaction rates. Alkyl substituents at both the α and β positions of the alkene 
reduced the rate of GSH addition relative to a single α or β substituent for enals (compare 
entries 3 and 4 to 9), enones (compare entry 12 to 15), and α,β-unsaturated esters (compare 

entries 25 or 26 to 27, Table 7). β,β-Dimethyl enal 383 reacted 3.6-fold faster with GSH 

than α,β-dimethyl enal 384 (compare entry 8 to 9, Table 7). In contrast, α,β-dimethyl enone 

390 reacted with GSH 3.7-fold faster than β,β-dimethyl enone 391 (compare entry 15 to 16, 
Table 7). The alkyl chain length at the β position of the alkene had a small effect on the rate 

of GSH addition as evidenced by enals 379 and 381 (entries 4 and 6) or enones 387 and 389 

(entries 12 and 14, Table 7). Extended conjugation reduced the rate of GSH addition to enals 
six-fold (compare entry 5 to 7, Table 7). 48a A propargyl or allyl substituent attached to 

acrylates 395 or 396 increased the rate of GSH addition relative to alkyl ester substituents in 

397 or 398, and the propargyl substituent had a more significant impact on the rate (compare 
entries 20-23, Table 7).

The ciliate toxicity of Michael acceptors 376-402 was measured as the 50% growth 
inhibition over 48 h (EC50) and compared to the rates of GSH addition. Enal ciliate toxicity 

ranged from an EC50 of 19 μM for 376 to an EC50 of 1380 μM for 384. The most toxic 

enone 385 (EC50 = 22 μM) and ester 394 (EC50 = 17 μM) had a similar toxicity to enal 376. 

However, the least toxic enone 393 (EC50 = 20,900 μM) and least toxic ester 401 (EC50 = 

16,600 μM) were far less toxic than the least toxic enal 384. A correlation between the rate 
of GSH addition and the ciliate toxicity was apparent through linear regression analysis (log 
kGSH vs log EC50). Enals showed a weak correlation between the rate of GSH addition and 
ciliate toxicity with a correlation coefficient (R2) of 0.44, but enones and α,β-unsaturated 
esters showed good correlation between rates and ciliate toxicity (R2 = 0.93 and 0.83, 
respectively). The examples presented in Table 7 were chosen to exemplify the effects of 
small structural changes on the reactivity of simple Michael acceptors, but a large 
compilation of reactivity data for electrophilic compounds was compiled in a review by 
Schwöbel et al.1

7. Dually Activated Michael Acceptors

Dually activated Michael acceptors contain an electron withdrawing substituent at the α-
position of an α,β-unsaturated carbonyl. The reactivity of these compounds towards thiols 

was first reported in 1968, where adduct formation of 403-406 with butanethiol was 

instantaneous as detected by UV, but the adducts 407-410 could not be isolated due to their 
reversibility (Scheme 26).147 More recently, unsaturated carbonyls with a nitrile at the α-
position have gained attention due to the bioactivity of compounds such as cyanoenone 

CDDO (411, an inhibitor of nitric oxide production, similar to bardoxolone methyl 35) and 
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cyanoacrylamide 418 (a RSK2 inhibitor),33d discussed previously in the targeted covalent 
inhibition section.33a

The addition of β-mercaptoethanol to singly and dually activated Michael acceptors was 

compared, and it was observed that the singly activated acceptors 412 and 413 formed stable 

adducts 414 and 415, respectively, that could be isolated and characterized (Scheme 27). The 

dually activated acceptor 416 reacted faster with β-mercaptoethanol than the singly activated 

acceptors, but the adduct 417 could not be isolated due to the rapid reversibility of the 
reaction.33a Inhibition of RSK2 in MDA-MB-231 cells by dually activated Michael 

acceptors 418 and 419 (IC50 = 0.005 and 0.007 μM) was more than 200-fold more potent 

than singly activated pyrrolopyrimidines 420 and 421 (IC50 = 0.75 and 0.25 μM, Scheme 

27).33a Singly activated acceptors 420 and 421 slowly formed covalent adducts that were 

detected by LC-MS, but dually activated acceptors 418 and 419 formed no adducts that were 
detectable by LC-MS.33a UV measurements revealed disappearance of the cyanoacrylamide 

absorbance at 304 nm upon incubation of 418 with the C-terminal kinase domain (CTD) of 
RSK2, but reappearance of this peak was detected within seconds upon protein denaturation 

with sodium dodecyl suflate (SDS) or guanidine.33a Cyanoacrylamide 418 maintained 
inhibition of RSK2 after dialysis and prevented the labeling of RSK2 by an irreversible 
inhibitor containing an α-fluoroketone, suggesting that covalent bond formation to RSK2 is 
stable under physiological conditions, but the stability of the thiol adduct is disrupted by 
protein denaturation.33a This is a major difference between cyanoacrylamides and cross-
conjugated dienone prostaglandins, which usually maintain their covalent bonds to proteins 
after denaturation as shown by the detection of peptide-thiol adducts to CyPGs in numerous 

proteomic studies. A co-crystal structure of 419 and RSK2 showed covalent bond formation 

between Cys436 and the unsaturated ester of 419; stabilizing noncovalent interactions such 
as hydrogen bonding of the pyrrolopyrimidine to Thr493 and extension of the p-tolyl group 
into a hydrophobic pocket were also shown.33a Mutation of Cys436 to valine (C436V) 
resulted in a 1000-fold decrease in activity for the dually activated acceptors, supporting the 
importance of covalent bond formation.33a

Michael acceptors equipped with α-cyano groups have been shown to undergo rapidly 
reversible thiol–carbon bond formation with thiol-containing nucleophiles such as cysteine; 
however, few studies have examined the equilibria effects of other electron-withdrawing 
groups at the α-position of a Michael acceptor. Recently, Taunton and coworkers reported 
that the reversibility of the hetero-Michael addition of acrylonitriles can be modulated with 
heteroaromatic groups. Placement of these electron withdrawing groups at the α-position of 
the acrylonitrile results in t1/2 values of the adduct ranging from < 1 min for methyl thiazole 

423a to > 58 h for the pyrazol-1-yl 427a upon 10-fold dilution with DMSO/PBS buffer (3:1 
v/v, Scheme 28).148 These reversible Michael acceptors were used to design kinase 

inhibitors similar in structure to the α-cyanoacrylamide 418 but with better selectivity for 
RSK2 over PLK1 and Nek2, despite all three kinases containing a reactive cysteine. This 
increased selectivity was attributed to steric clashes between the heteroaromatic activating 
group and the binding pockets of PLK1 and Nek2.148

The equilibrium dissociation constants (KD) for some cyanoacrylamide-β-mercaptoethanol 

adducts were between 0.2 and 33 mM β-mercaptoethanol for cyanoacrylamides 428-433, 
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including the approved drug entacapone (430) that is used to treat Parkinson's disease 
therapy; these KD values corresponds to a free energy change between −2 and −5 kcal/mol 
demonstrating that these β-substituents had a small effect on the reversibility of 
cyanoacrylamide-thiol adducts.33a The KDs were determined by titration of 

cyanoacrylamides 428-433 with β-mercaptoethanol and monitoring the disappearance of 
cyanoacrylamide UV absorbance at 304 nm (Scheme 29). The adducts were then diluted 10-
fold with PBS buffer (pH = 7.4) and the reappearance of the absorbance at 304 nm was 
observed.

CDDO (411) contains a cyanoenone as part of a pentacyclic steroid skeleton and has gained 
interest due to the 1000-fold increase in potency over the descyano compound for 

suppression of inflammatory enzymes iNOS and COX-2.33c The reaction of 411 with GSH 
or DTT was monitored by the appearance of new UV peaks between 280 and 300 nm, but 

attempts to isolate the adducts by HPLC were unsuccessful.33c The addition of DTT to 411 

was confirmed by 1H NMR monitoring, which showed the disappearance of the cyanoenone 
alkenyl resonance at 8.7 ppm.33c Variable temperature NMR also demonstrated the 

reversibility of the reaction, as 411 was regenerated upon heating of the DTT-411 adduct.33c 

Other cyanoenones, such as tricyclic TBE-31 (434)149 and monocyclic compounds 

435-437,150 have shown similar reactivity towards thiols using the same UV and 1H NMR 

methods (Figure 35). Surprisingly, compounds 439-440 showed no reactivity with DTT and 

441-442 showed greatly reduced reactivity requiring 10 equiv of DTT for adduct formation, 
thereby demonstrating the importance of the surrounding structure on electrophilicity.150

8. Other α,β-Unsaturated Carbonyls

8.1. Quinones

Quinones have unique redox capabilities that are widely utilized in nature. Mitochondria use 
ubiquinone as part of the electron transport chain to generate ATP. Several endogenous 
signaling molecules such as L-dopamine and estrogen contain catechols and are oxidized to 
quinones as part of their natural elimination processes.151 Vitamin K is a napthoquinone that 
is involved in blood coagulation. Red wine contains resveratrol and other stilbenes that 
contain catechols, which can be oxidized autonomously or enzymatically to quinones and 
serve as antioxidants.152 Despite these advantages, quinones can also cause harm to living 
systems by undergoing reaction with thiols and eliciting an increase in oxidative stress or 
alkylation of enzymes and DNA that cause toxicity.153 Quinones can also be a part of the 
covalent mechanism of action of bioactive molecules.

Para-quinones undergo conjugation with cysteines, but their reactivity can be modulated by 
the addition of electron donating substituents. For example, irreversible VEGFR-2 inhibitors 

were designed where R1 was substituted with a methoxy (443) or amino (444-446) group 
and these compounds did not react appreciably with GSH (entries 1-4, Table 8). However, 

compounds where R1 was substituted with a chlorine (447), aryl ether (448), or thioether 

(449) group reacted readily with GSH (entries 5-7, Table 8).25 Despite not reacting 

appreciably with GSH, para-quinone 443 was shown to covalently modify Cys1045 on 
VEGFR-2 after incubation for one hour followed by trypsin digestion and LC-MS analysis 
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of the digested protein. It was predicted that GSH and VEGFR-2 are reacting with the six 
position of the para-quinone.

An assay has recently been developed to assess the kinetics of covalent adduct formation to 
para-quinones using 4-nitrobenzenethiol as the nucleophile.154 A double-mixing stop-flow 
spectrophotometer was used to measure the very fast pseudo-first order reaction at pH 7.4 
and reaction progress was monitored by the reduction of free thiol at 412 nm. Most 

benzoquinones reacted relatively quickly where 450 had a rate constant of 1.50 × 103 s−1 

compared to 2-methylbenzoquinone (451), 2-tert-butylbenzoquinone (452), and 2,5-

dimethylbenzoquinone (453) having pseudo-first order rate constants of 3.2 × 102, 2.3 × 101, 
and 7.3 × 10−1 s−1, respectively (entries 1-4, Table 9). Clearly, electron-donating and/or 
sterically hindering alkyl substituents slow hetero-Michael addition by 10 - 10,000-fold. On 

the other hand, electron-withdrawing substituents such as a chlorine (454) increase the rate 
of reaction with a rate constant of 2.6 × 105 s−1, and two chloro groups further increase the 

rate as seen for 2,5-dichlorobenzoquinone (455) with a rate constant of 2.8 × 106 s−1 (entries 
5-6, Table 9).

8.2. Acylfulvenes

Illudins and their derivatives, acylfulvenes, are cytotoxic alkylating agents that have been 

shown to react with thiols and DNA. Illudin S (456) and M (457) are highly cytotoxic, 
limiting their use as therapeutic agents; thus, derivatives have been synthesized, the most 

prominent being dehydroilludin M (458), acylfulvene (459), and hydroxymethylacylfulvene 

(HMAF, 460) which made it to phase III clinical trials as an anticancer agent (Figure 36).155 

Acylfulvenes have been found to inhibit glutathione reductase (GR), thioredoxin reductase 

(TrxR), Trx, and alkylate DNA at purine bases.155-156 Compound 459 inhibited GR 

reversibly while 460 inhibition was irreversible, and 456 was inactive despite being the most 
reactive towards small-molecule thiols.156a, 156b Tanasova and Sturla recently reviewed the 
synthesis, bioactivity, and metabolism of acylfulvenes, which included a summary of SAR 
studies demonstrating the importance of the enone, cyclopropane ring, and hydroxymethyl 
groups of HMAF for potent activity.155

Compound 460 was shown to be an irreversible inhibitor of GR as enzyme inhibition was 

time dependent, while 459 showed establishment of an equilibrium.156a Covalent 

modification of GR by two molecules of 460 was detected by MS, which showed that 460 

reacted with both the active site cysteines of GR.156a Acylfulvenes 459 and 460 were both 

found to inhibit Trx and TrxR.155, 156b Covalent adducts detected by MS suggest that 459 

monoalkylates and 460 bisalkylates these enzymes. For selenocysteine containing enzyme 
TrxR, it was observed that only the selenocysteine (Sec498, pKa = 5.2) of the active site was 
alkylated at pH 6.5, but both the selenocysteine and cysteine (Cys497, pKa = 8.3) were 

alkylated at pH 8.5 by 459 or 460 using a biotin-conjugated iodoacetamide (BIAM) assay 
previously used to demonstrate curcumin covalent modification of TrxR.157 Glutathione 
peroxidase (Gpx) is another redox-regulating enzyme containing a reactive selenocysteine 

residue but was not inhibited by 456, 459, or 460, demonstrating the role of noncovalent 
enzyme-small molecule interactions to promote covalent bond formation.156b
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The thiol reactivity of illudins and acylfulvenes has been studied predominantly by 

McMorris and coworkers who have measured the thiol reactivity of compounds 456-460 

with thiols including β-mercaptoethanol, methyl thioglycolate, GSH, and cysteine.158 These 
thiol additions occur at acidic and neutral pH, with the ideal pH ranging from 4.8-6.1 
depending on the substrate and thiol, which is in contrast to most hetero-Michael additions 
that are normally faster at more basic pH (mechanism for thiol addition shown in Scheme 

30).158a, 158c Dick et al. showed that at a more biologically relevant pH of 7.4, HMAF (460, 

also called irofulven) is unreactive with GSH while illudin M (457) reacts readily.159 Under 

more acidic conditions, 460 has been shown to react with other thiols such as those 
mentioned above, as well as 4-hydroxythiophenol, thioglycerol, thiocresol, and 
benzylmercaptan.158e McMorris et al. found that strongly acidic conditions (dilute H2SO4, 
pH = 0) favored thiol additions via substitution of the allylic alcohol to give adducts such as 

463 in high yields (70-80%, Scheme 31).158e Moderately acidic to neutral conditions (pH = 

4-7) favored hetero-Michael addition (0.24 M 460, acetone/water) to give 464-466 or 

suspected radical addition (0.011 M, THF/water) to give 467.158e The thiol used also 

affected the ratio of adducts, with 4-hydroxythiophenol favoring radical addition to give 467 

or substitution of the allylic alcohol yielding 463, and methyl thioglycolate favoring hetero-

Michael addition and/or substitution to give major products 464 or 466.158e McMorris et al. 
propose that the preference for acidic pH is a balance between concentration of the thiolate 
anion and cyclopropane ring opening/loss of water to form the stable aromatic product, 
where at higher pH the rate is dependent on the elimination of the tertiary alcohol (less 
protonated) and at lower pH the rate is dependent on the concentration of thiolate (less 
deprotonated).158a

8.3. α-Haloacrolyl Compounds

The α-haloacrolyl group is found in cytotoxic natural products such as bromovulone (468), 

discorhabdin C (469), verongiaquinol (470), brostallicin (471), and the punaglandins 2 (472) 

and 3 (473, Figure 37).160 In contrast to many thiol conjugations that inactivate reactive 
electrophiles, thiol addition to a α-haloacrolyl group generates a more reactive electrophile 

that can alkylate DNA. α-Bromocyclopentenone 474 is believed to form episulfonium ion 

intermediate 475 that can then react with DNA, with guanine adducts such as 476 being the 

most commonly detected adduct by MS analysis (Scheme 32).161 When 474 was reacted 

with β-mercaptoethanol, adduct 477 was obtained in 40% yield supporting the formation of 

an episulfonium ion intermediate 475 followed by elimination/ring opening; cyclopentenone 

474 also reacted to 90% completion in two min with GSH to form two isobaric adducts 
when monitored by LC-MS. A similar type of activation, where thiol addition generates a 

more reactive electrophile, was described above for illudins (456-458), acylfulvenes 

459-460), and calicheamicin (344).

α-Halo butenolide 479 reacts readily with one equivalent of 2-propanethiol in the presence 

of potassium carbonate and tetrabutyl ammonium bromide to give Michael adduct 480 in 

13% yield and hetero-Michael addition-bromine elimination adduct 481 as the major 

product in 40% yield (Scheme 33). Small amounts of 483 and 484 were obtained and are 

thought to arise from episulfonium ion 482.162 When a 2:1 ratio of furanone 479 to thiol 
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were used, cyclopropane 484 and α-sulfide butenolide 483 were obtained as the major 
products in 47 and 25% yields, respectively.162

8.4. Rhodanines

Rhodanines and their analogs are classified as privileged scaffolds in drug discovery due to 
their various biological effects, including antibacterial, antiviral, antitumor, and 
antiinflammatory activities.163 Rhodanines have also been classified as pan-assay 
interference compounds (PAINS).164 The utility of rhodanines in drug discovery is a topic of 
debate, and although they frequently appear as high-throughput screening (HTS) hits, only a 
few studies to elaborate on their mechanisms of action and specificities have been 
reported.165,166 The most common rhodanine scaffold in screening libraries possesses a 5-
alkylidene group in conjugation with the carbonyl, leading to the supposition that these 
compounds covalently label protein targets.166 This moiety is embedded in the drug, 

epalrestat (485), which functions as a reversible aldose reductase inhibitor used to treat 
diabetic neuropathy (Figure 38).167

Amgen scientists obtained a crystal structure of rhodanine 486, an inhibitor of hepatitis C 
virus RNA polymerase (NS5B), which showed covalent bond formation to Cys366 in the 
NS5B binding site; however, this inhibitor displayed noncompetitive, reversible inhibition in 
enzymatic assays (Figure 38).168 Rhodanine containing inhibitors of JNK-stimulating 

phosphatase (JSP-1), such as 487, discovered by scientists at Ceptyr, display reversible, 
competitive inhibition and show selectivity toward JSP-1 over other phosphatases.169 JSP-1 
inhibitors are hypothesized to undergo reversible, covalent bond formation to a cysteine in 
the active site, though this has not been demonstrated experimentally. The reversibility of 5-
alkylidenerhodanine inhibitors demonstrates the lability of the corresponding thiol adducts. 
Reversible inhibition of sortase A (SrtA) and a sphingosine 1-phosphate receptor (S1P) by 

rhodanine 488 and pseudothiohydantoin 489, respectively, have been reported.170 Optovin 

(490) reversibly inhibits a transient receptor potential cation channel (TRPA1), until 
photochemical activation renders the formation of an irreversible adduct.171

The promiscuity of 163 rhodanines and analogs was analyzed by testing their activity in four 
enzymatic assays (bacterial transferase MurA, metalloprotease methionine aminopeptidase, 
serine proteases thrombin, and dengue virus protease) measuring aggregate formation and 
testing for GSH adduct formation.166 Mendgen et al. concluded that the rhodanine scaffold, 
especially the thiocarbonyl group, can lead to nonselective binding at concentrations 
commonly used for HTS screening through polar interactions and hydrogen bonds.166 

However, rhodanine type scaffolds do not typically form aggregates and are not very 
electrophilic, presumably due to their aromaticity. This lack of thiol reactivity is supported 

by the study where fourteen 5-alkylidene rhodanines (491-504) with high activity in one or 
more of the enzymatic assays mentioned above were treated with GSH in Tris-HCl buffer 
(pH = 7.5) and no adducts were detected by RP-HPLC (Figure 39).166

Other studies have shown rhodanine-thiol adducts to be reversible. Rhodanine UDP-

galactopyranose mutase inhibitor 505 rapidly forms thiol adduct 506 with DTT, detected by 
UV spectroscopy, which is reversible under neutral, buffered conditions (Scheme 34).172 

Rhodanine 507 and thiazolidine-2,4-dione 508 react with thioacetic acid and 4-

Jackson et al. Page 34

J Med Chem. Author manuscript; available in PMC 2018 February 09.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



chlorothiophenol when treated with catalytic triethylamine to form Michael adducts 

510-513, but heating these adducts promotes the reverse reaction; pseudothiohydantoin 509 

did not form any detectable thiol adducts (Scheme 34).173

8.5. Viridins (wortmannin)

Wortmannin (514) and other viridins containing an activated furan ring have been shown to 
undergo 1,6-conjugate addition followed by ring opening with amine and thiol 
nucleophiles.174 Wortmannin is an inhibitor of PI3K that covalently bonds to Lys802 in the 

ATP binding pocket of PI3K.175 Compound 514 also inhibits the PI3K-related kinases 
(PIKKs) ATR, ATM, DNA-PK and PLK1.176 A number of amine and thiol adducts of 

wortmannin, represented by 515-517, were prepared and showed activity similar to 514 for 

inhibition of PI3K (IC50 values for 514-517 were 0.8, 0.1, 0.5, and 0.3 nM, respectively, 

Scheme 35).174b The amine adduct 517 went into Phase I clinical trials in combination with 
cetuximab or docetaxel for treatment of squamous cell cancer of the head and neck, where it 
showed a small increase in treatment efficacy relative to either drug alone, but showed no 
increase in efficacy in larger Phase II trials.177 Wortmannin adducts with NAC and proline 
are reversible, but the adduct formed from N-Ac-lysine is stable, possibly due to hydrogen 
bonding between the amine and carbonyl of the δ-lactone; this was shown by crossover 

experiments where a thiol or amine adduct 518 or 519 was mixed with N- Ac-lysine, and 

HPLC monitoring showed complete conversion to the N-Ac-lysine adduct 520 in 20 h 
(Scheme 36).178

8.6. α,β-Unsaturated Carboxylic Acids

α,β-Unsaturated carboxylic acids are generally not very reactive with thiols and require 
forcing conditions such as refluxing with excess thiol, or conditions that utilize an iodine or 
fluoride catalyst to affect adduct formation.179 At biologically relevant pH, carboxylic acids 
exist primarily as carboxylates, which deactivates them for Michael addition. This was 

observed for α,β-unsaturated ketone 259, where α-substitution with a carboxylic acid was 

more deactivating than electron donating substituents like a methyl group 257 or a 

methoxyphenyl group 256 (Table 6).95 Similarly, the reaction of the drug dimethyl fumarate 

(31) with GSH at a pH of 7.4 is about 30 fold faster than the reaction of monomethyl 

fumarate 32 with GSH at the same pH (t1/2 of 9 min for 31 vs 4 h for 32, Scheme 1). 

Dimethyl fumarate 31 is rapidly hydrolyzed by esterases to monomethyl fumarate 32, but it 

is still not well understood whether 31, 32 or some other metabolite is the biologically active 

compound in the treatment for psoriasis.32a Monomethyl fumarate 32 forms thiol adducts 

521 and 522, identified by 2D NMR analysis, in approximately equal amounts (Scheme 37). 

The isolation of 521 suggests that it reacts in its protonated form, which is only present in 
small concentrations at a pH of 7.4, and this could explain the slower rate of GSH adduct 
formation.32a

The reaction of fumaric acid (523), another metabolite of 32, with GSH has been detected by 

MS when reacted at 37 °C in buffer (pH = 7.4) for 3 h, although the amount of product 524 

formed or rate of adduct formation was not reported (Scheme 38).180 A small amount of 

metabolite 524, making up 2.2% of GSH species, was detected by LC-MS when excess 523 

was incubated with UOK262 FH-null cells demonstrating that α,β-unsaturated carboxylic 
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acids can react with thiols in a cellular environment; free GSH made up 90% of GSH species 
and oxidized GSH disulfide made up the remaining 7.8% of GSH species detected by LC-
MS.180

Recently, pH dependent probes 525 and 526 that display “turn-on” fluorescence when 

reacted with thiols were reported.181 Dicarboxylic acid 525 reacts readily with cysteine at 

pH values less than 7, while diester 526 reacts readily with cysteine at pH values greater 
than 7 (Scheme 39). These probes emit weak fluorescence between pH values of 2 and 11 
prior to thiol addition, due to photoinduced electron transfer to the Michael acceptor, and the 
fluorescence is enhanced 96-fold upon addition of cysteine. The rate of thiol addition to α,β-

unsaturated carboxylic acid 525 showed pH dependence with two inflection points at a pH 
of 3.5 and 7.5, corresponding to pKa2 and pKa3 (Scheme 39). The maximum rate of addition 
was observed at a pH of 5 and rapidly fell to zero between a pH of 7 and 8, suggesting that 

protonation of the quinoline nitrogen as in structures 529-530 deactivates the Michael 

acceptor, while deprotonation of both carboxylic acids as in 532 shuts down thiol 

addition.181 The rate of cysteine addition to diester 526 showed a single inflection point at a 
pH of 7, reaching a maximum at a pH of 9, suggesting that deprotonation of cysteine (pKa = 
8.3) was the main factor that influenced the rate.

9. Spectroscopic and Computational Measurements and Predictions of 

Thiol Reactivity for Michael Acceptors

Spectroscopic methods to measure and predict thiol reactivity of α,β-unsaturated carbonyls 
include 1H NMR, 13C NMR, fluorescence, and UV, with the latter being the most commonly 
used method to measure reaction kinetics. 1H NMR has been used to monitor the reactions 
of thiols with Michael acceptors, but the chemical shifts at the α or β position in 1H and 13C 
NMR can also be used to predict the thiol reactivity for structurally similar Michael 
acceptors. Additionally, computational predictions of thiol reactivity, utilizing transition 
state calculations, Fukui functions, local softness, HOMO and LUMO energies, or 
electrophilicity indices have been calculated and compared to experimental values. Thiol 
reactivity assays that utilize fluorescence or 1H NMR, and the predictive power of 
spectroscopic and computational parameters will be discussed below.

9.1 Spectroscopic Methods

Fluorogenic probes, similar to the dicarboxylic acid probes 526-527 discussed above, with a 
coumarin as the fluorescent moiety instead of a quinoline, were developed for the imaging 
of GSH in living cells, and second order rate constants for their reaction with GSH (100-fold 
excess) were measured in a DMSO/pH 7.4 HEPES buffer (1:1).182 α,β-Unsaturated ester 

533 did not react with GSH under these conditions while unsaturated ketone 534 was slow 

to react (Scheme 40). α,β-Unsaturated aldehyde 535 reacted faster than ketone 534, but 

diketone 536 was the most rapid, reaching complete GSH adduct formation in less than 5 

min. The diketone 536 also showed the largest increase in quantum yield (27-fold) upon 

addition of GSH, while ketone 534 and aldehyde 535 only resulted in a 1.7 or 2.7-fold 
increase in the quantum yield, respectively.
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Fluorescent detection of covalent bond formation of quinazoline containing Michael 
acceptors to a protein has also been demonstrated.183 Quinazolines attached to Michael 
acceptors were incubated with a mutated tyrosine kinase c-Src (S345C), meant to mimic 
mutations in drug resistant EGFR. As in the fluorescence assays described above, this 

detection system relies on the increase in the fluorescence of quinazolines, such as 537-539, 
upon addition of a thiol to the Michael acceptor (Scheme 41). For irreversible inhibitors, this 
assay is simpler to perform and offers advantages over traditional activity-based assays 
because IC50 values may not be reliable for this class of compounds due to the time 
dependency of covalent adduct formation. This method was used to obtain kinact/Ki values 

for inhibition of S345C c-Src for compounds 537-539. Interestingly, IC50 values were 
measured after 90 min incubation with purified c-Src and correlated well with the Wilson-

Kitz analysis of the inhibitors. Three representative compounds 537, 538, and 539 were 
determined to have time-dependent IC50 values of 240, 120, and 2 nM, respectively, for 

inhibition of mutated c-Src (S345C). The dimethylamino-acrylamide 537 (similar to afatinib 

(7)) had the lowest kinact/Ki value of 0.085 M−1s−1 compared to the unsubstituted 

acrylamide 538, 0.135 M−1s−1. The covalent binding efficiency of the vinyl sulfonamide 539 

was approximately 10-fold higher than the acrylamides at 1.03 M−1s−1.183

Avonto et al. developed a method using 1H NMR for measuring thiol reactivity by reacting a 

series of compounds with cysteamine in DMSO-d6.97 Costunolide (202), possessing an α-
methylene-lactone and known to react with biological thiols, was used as a benchmark for 
measuring conjugate addition. Unactivated thiols dodecanethiol or NAC showed no reaction 

with 202 after 24 h in toluene, chloroform, MeCN, MeOH, or DMSO.97 However, conjugate 

addition of cysteamine, an activated thiol, to 202 occurs slowly in methanol and acetonitrile 
and instantaneously in DMSO. Several molecularly complex Michael acceptors were 

benchmarked against 202 and classified as irreversible, reversible, or nonreactive based on a 
Michael adduct formation and reversibility upon 10-fold dilution with CDCl3. Michael 

acceptors 200, 260, 543-548 formed thiol adducts with cysteamine, with cross-conjugated 

dienones 549 and 550 showing CDCl3 induced reversibility (Figure 40).97 Zerumbone (549) 
formed a bis-cysteamine adduct, but only cysteamine attached to C10 showed solvent 
induced reversibility; cysteamine addition to C6 was irreversible. Notably, cross-conjugated 

dienones α-santonin (551) and prednisone (552) gave no reaction with cysteamine (Figure 
40).97 To further examine the cross-conjugated dienone reactivity, a series of zerumbone 

(549) analogs were examined in this assay. The C9-C10 cis alkene formed a single, 
irreversible adduct with cysteamine. Isomerizing the C6-C7 and C9-C10 alkenes showed the 

same reactivity as 549.184 When the C2-C3 alkene of 549 was epoxidized, the resulting 

analog showed the same thiol reactivity as 549; however, when the C2-C3 alkene was 
epoxidized and the C9-C10 alkene was isomerized, only cysteamine addition to C6 was 
observed. We propose that conformational changes induced by isomerization or epoxidation 

of alkenes in analogs of 549 resulted in changes to the thiol reactivity, reinforcing the 
sensitivity of Michael acceptors to steric and electronic affects. Other interesting reactivity 
properties of cysteamine were noted following studies with other compounds using this 
NMR assay. Namely, cysteamine reacted selectively with the α, β-unsaturated carbonyls and 

not with other reactive groups such as the epoxide of parthenolide (200) or peroxide of 

verlatorin (544).97 (+)-Piperitone (553) and (+)-verbenone (554), possessing a methyl 
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substituent at the β or α positions of the enone gave no reaction with cysteamine while the 

structurally similar compound (R)-carvone (545) formed the corresponding thiol adduct 

(Figure 41).97 α,β-Unsaturated aldehydes citral (559) and periallaldehyde (560) reacted with 
cysteamine resulting in mixtures of 1,4-thiazepines 561 or 563 and bis adducts 562 or 564, 
respectively (Scheme 42).

ALARM NMR (a La assay to detect reactive molecules by nuclear magnetic resonance) is a 
an additional NMR method, developed by Abbot Laboratories for identifying compounds 
that can alkylate or oxidize cysteine residues.185 A fragment of the human La antigen 
protein (residues 100-324) affords high resolution HSQC NMR spectra and contains a 
reactive cysteine residue (Cys245) that upon undergoing chemical modification, changes and 
broadens the chemical shifts of the resonances assigned to Lys249, Lys294, and Lys296.185 

219 commercial drugs were tested in the ALARM NMR assay, and seven of those 
compounds, which were known reactives, tested positive in this assay. The ALARM NMR 
assay was benchmarked to a fluorescent GSH assay that uses fluoroscein-5-maleimide.186 

Only one of 28 compounds that were nonreactive by ALARM NMR showed reactivity in the 
fluorescent GSH assay; however, 10 of the 34 compounds that were reactive by ALARM 
NMR showed no reactivity with GSH in the fluorescent assay.185 This inconsistency was 
attributed to the ALARM NMR assay utilizing a thiol in a potentially more biologically 
relevant environment that may behave differently than a small molecule thiol like GSH. 
Another advantage of the La antigen is its stability to air oxidation, which can be a problem 
for small molecule thiols.

13C NMR chemical shifts have been used to measure the electrophilicity of a carbon, i.e., 
resonances shifted downfield correspond to higher electrophilicity. However, this is not 

always reliable. For example, methyl cinnamates (scaffold 565) with electron withdrawing 
substituents at the meta position of the aromatic ring resulted in an increase in the rate of 
GSH addition (Cl > Br > NO2 > H > OMe), but the chemical shifts of the β-carbon of the 
alkene was shifted slightly upfield relative to the unsubstituted methyl cinnamate; the 
resonances for the α-carbon of the alkene was shifted downfield as the rate of GSH addition 
increased, but no clear correlation was apparent (a correlation coefficient (R2) of 0.54 was 
obtained when the rate of GSH addition was plotted against the chemical shift of the α-
carbons, Scheme 43).187 For para substituted methyl cinnamates the rate of GSH addition 
followed a similar pattern, both in terms of rates and chemical shift values, although p-NO2 

methyl cinnamate was the fastest reacting and p-Br methyl cinnamate was slower to react 
than methyl cinnamate. The carbonyl carbon resonances were largely unaffected, changing 

by less than 1 ppm, for all methyl cinnamates in Scheme 43. ortho-Hydroxyl substitution of 
the aryl group resulted in an upfield shift of 3-6 ppm for the β-carbon of the alkene, but the 
rate of GSH addition increased significantly; this was attributed to phenol-assisted 
deprotonation of the thiol as it approached the β-carbon of the alkene (see compounds 

228-233, Figure 26).188 These observations suggest that electron withdrawing groups can 
change the electron density of Michael acceptors in unexpected ways, where the net positive 
charge is increased at the α-position and decreased at the β-position. However, despite the 
unexpected resonance shifts of the α and β positions in the 13C NMR with electron 
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withdrawing substituents, the rate of thiol addition still increased compared to unsubstituted 
methyl cinnamate.

Cusack et al. classified the chemical reactivity of α,β-unsaturated carbonyls in scaffolds 

567, 568, and 569 using the 13C NMR chemical shift value of the β-carbon (marked with 

arrow, Figure 42).189 They found that the indolinopyrazolinones 567 (13C NMR 137-139 

ppm) formed thiol adducts with β-mercaptoethanol; pyrrolopyrazolinones 568 (13C NMR 
128-135 ppm) were reduced in the presence of high concentrations (5 mM) of NADPH 

(microsomal incubation), and benzothiazinones 569 (13C NMR 118-122 ppm) underwent 
photoisomerization (~10% isomerization by ambient light).

9.2 Computational Measurements and Predictions

For N-arylacrylamides substituted with electron rich and electron poor aryl rings, it was 
shown that a reasonable correlation could be made between the rate of GSH addition and the 
chemical shifts of Hβ1 (R2 = 0.71) and Cβ (R2 = 0.80), even though only a small range of 
chemical shifts for all compounds was observed with Hβ1 falling between 5.65-5.86 ppm 
and Cβ falling between 125.6-128.7 ppm (Scheme 2).38 As predicted, downfield chemical 
shifts correlated with increased rates of reaction, confirming that NMR chemical shift values 
can be used to predict reactivity amongst a series of homologous substrates under the same 
reaction conditions. A good correlation between reaction rates and Hammett substituent 
constants was also observed. Additionally, transition state structures and activation 
parameters (activation energy, Ea, and kinetic reaction barrier, ΔG‡) were calculated at the 
IEFPCM-B3LYP/6-311 + G(d,p) level of theory using methanethiolate as a model 
nucleophile, and a reasonable correlation between experiment and theory was found (R2 = 
0.83 for Ea vs KGSH and R2 = 0.75 for ΔG‡ vs KGSH).38 Another study was performed using 
a more diverse series of acrylamides possessing N-aryl, N-alkyl, and/or substituents at the α 
or β position of the acrylamide; transition state calculations of the kinetic reaction barrier, 
ΔG‡, gave good correlation to the measured half-lives (t1/2) for GSH addition to acrylamides 
with a correlation coefficient of 0.92 (Table 2).40 However, 13C NMR chemical shift values 
of either the α or β carbon of the alkene did not correlate to the measured reaction rates 
demonstrating that 13C NMR chemical shift values are not a reliable predictor of reactivity 
towards thiols when comparing structurally diverse substrates.

Transition state calculations offer one of the more reliable computational methods for 
predicting the reactivity of Michael acceptors. Transition state calculations of α,β-
unsaturated esters and nitroalkenes were first used to explain the anti-selective addition of 
thiols to these Michael acceptors.190 Thomas and Kollman calculated that addition of 
methanethiolate was more exothermic (~10 kcal/mol) than addition of thiolate to acrolein, 
while for oxygen nucleophiles the addition of hydroxide was calculated to be more 
exothermic than the addition of methoxide.191 Kunakbaeva et al. used the semiempirical 
PM3 (parameterized Model 3) method to calculate the activation energies for the addition of 
β-mercaptopropionic acid to acrylamide, acrylonitrile, and methyl acrylate, as well as the 
addition of a series of thiols to acrylonitrile and found that the exponential term of the 
Arrhenius equation calculated from these activation energies correlated well with 
experimentally determined rates (R2 = 0.997 and 0.973); formation of the tetrahedral 

Jackson et al. Page 39

J Med Chem. Author manuscript; available in PMC 2018 February 09.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



intermediate was found to be the rate determining step.192 It should be mentioned that other 
transition state calculations utilizing DFT methods provide support that favor alternative 
mechanisms other than 1,4-addition of a thiol to an α,β-unsaturated carbonyl to form an 
intermediate enolate or carbanion, including direct 1,2-alkene addition, concerted water 
mediated addition, and base catalyzed addition with ammonia or a histidine fragment.193 

Recently, inaccuracies in the dipole moments and polarizabilities of Michael acceptors 
calculated from common DFT and ab initio methods have been reported.194 For example, 
calculations using Hartree-Fock methods overestimated dipole moments and underestimated 
polarizability, while DFT functionals gave the opposite results.195 CCSD, MP2, and hybrid 
DFT methods with the aug-cc-pVTV basis set could predict dipole moments and 
polarizabilities with reasonable accuracy, giving RMSD errors in the ranges of 0.12-0.13 D 
and 0.30-0.38 Å3, respectively.194 For hetero-Michael additions, energies calculated using 
DFT functionals, hybrid functionals, and range-separated hybrid functionals were compared 
to either a CCSD or a CBS-QB3 benchmark.195-196 Both CCSD and CBS-QB3 methods 
calculated the addition of the sulfide anion to the Michael acceptor to form an intermediate 
carbanion or enolate as the rate determining step. These studies showed that M06-2X, 
B2PLYP-D, and SCS-MP2 correlated within 1 kcal/mol of the CBS-QB3 energies,196 while 
M06, BNL, and ωB97x-D correlated within 2 kcal/mol of the CCSD(T)//MP2 energies.195 

Other functionals such as B3LYP, MPW1PW91, B2LYP, MP2, PBE, PBE0, BLYP, TPSS, 
TPSSh, CAM-B3LYP, and LC-ωPBE, did not match the benchmark values.195-196 Using the 
CBS-QB3 enthalpies of reaction, it was found that an α-Me, β-Me, or β-Ph substituent 
reduced the exothermicity of the hetero-Michael addition by 1-3 kcal/mol compared to 3-
buten-2-one and reactant destabilization, not steric hindrance, led to an increase in activation 
energies for substituted enones in the gas phase; this effect was larger in solution due to 
decreased solvation of the substituted enones.196

Other computational methods have been used to predict the reactivity of unsaturated 
carbonyl species. These parameters include the Fukui function, local softness, HOMO/
LUMO energies and coefficients, electrophilicity indices, and related calculations. Thiols 
and thiolates are characterized as soft nucleophiles due to their polarizability, and the β 
carbon of the alkene of α,β-unsaturated carbonyls is a soft electrophile due to the charge 
delocalization of the conjugated system. Thus, the formation of carbon-sulfur covalent bonds 
via 1,4-addition of thiols to α,β-unsaturated carbonyls is a soft-soft interaction that is 
energetically favored.197 Molecular hardness and softness refer to a whole molecule, as does 
the electrophilicity index (ω), a measure of a compound's electrophilicity calculated from its 

chemical potential (μ) and hardness (η).197b, 198 The Fukui function, , is defined as a 
change in electron density of a region of a molecule due to a small change in the number of 
electrons.199 The electrophilic Fukui function, fk

+, is used to calculate the propensity of 
nucleophilic attack at a particular atom of a molecule, and it has been used to predict the 
reactivity of Michael acceptors.200

Mondal et al. compared the use of atomic charges, electrophilic Fukui function (fk
+), and 

local softnes (sk
+), calculated using the Hartree-Fock model, three different basis sets, and 

Mulliken or Lowdin population analysis, for predicting the site of reactivity for α,β-

unsaturated carbonyl compounds acrolein 570, methyl acrylate 571, cinnamaldehyde 572, 
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methyl methacrylate 573, acryloyl chloride 574, and cinnamoyl chloride 575 (Figure 43).201 

The carbonyl carbon always had the most positive atomic charge, although these compounds 
are known experimentally to react with thiols via 1,4- and not 1,2-addition. The condensed 
electrophilic Fukui function and local softness both had the largest values for the β-carbon, 
indicating preferential attack at this position by nucleophiles. The different basis sets and 

population analyses all indicated acrolein 570 as the most reactive with the largest Fukui 
function and local softness value, but these values, and thus the predicted order of reactivity, 
for the other compounds varied depending on which basis set and population analysis was 
used.201 Experimental RC50 values (vide infra) in the literature show that the reactivity order 

is acrolein 570 > methyl acrylate 571 > cinnamaldehyde 572 >> methyl methacrylate 573 

(Figure 43).202 These experimental reactivities correlate with the calculated Fukui function 

and local softness for acrolein 570 being the most reactive, but the other compounds 

571-575 do not correlate with the predicted reactivity. This indicates that the Fukui function 
and local softness can be good for predicting the site of reactivity but not the order of 
reactivity for different compounds.

The local electrophilicity index (ωk) is another computational parameter used to predict the 
reactivity of Michael acceptors using a combination of the global electrophilicity index and 
the Fukui function (fk

+ω). Domingo et al. calculated the global electrophilicity indices for a 
set of α,β-unsaturated ketones, esters, anhydrides, nitriles, and nitro compounds and 
demonstrated that this index correctly predicts the β-carbon as the reactive site. The global 
electrophilicity index correlated linearly to the natural log of the experimental rate constants 
for addition of the β-mercaptoethanol anion to α-nitrostilbenes (R2 = 0.95) and gave better 
correlation to experimental rate constants, for thiol addition to unsaturated carbonyl 
compounds, than the Fukui function or local softness.203

LoPachin et al. calculated softness, electrophilicity indices, and HOMO and LUMO energies 

for N-ethyl maleimide 576, acrolein 570, methyl vinyl ketone 577, methyl acrylate 571, and 

acrylamide 578 (Table 10).204 These values were compared to the experimentally 

determined second order rate constants for the reaction of Michael acceptors 570-571, and 

576-578 with NAC and with IC50 values for inhibition of dopamine uptake in striatal 
synaptosomes.204 Linear regression analysis showed that ELUMO and the global 
electrophilicity index (ω) correlated well with the rates of thiol addition (R2 = 0.93 and 0.87, 
respectively) but were only qualitatively related to inhibition of dopamine uptake (R2 = 0.75 
and 0.64, respectively).

Schüürmann and coworkers introduced two new parameters, energy weighted local 
electrophilicity (ωE

r,s) and charge limited local electrophilicity (ωq
r,s), which quantify the 

change in energy related to the gain or loss of electrons or charge, respectively.205 These 
new parameters take into account lower energy occupied and higher energy unoccupied 
molecular orbitals, instead of using only the HOMO and LUMO.205 Linear regression 
analysis of electrophilicity parameters with log kGSH gave R2 values of 0.84 to 0.91 for 
ωE

r,s and ωq
r,s for a series of 31 α,β-unsaturated ketones and esters.205 The benefit of these 

new local electrophilicity indices (ωE
r,s and ωq

r,s) is that they show less dependence on the 
population analysis used when compared to the Fukui function. The local charge limited 
electrophilicity index (ωq) was also used by Schwöbel et al. to predict the kinetic rate 
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constants (kGSH) and RC50 values for a set of 66 α,β-unsaturated carbonyls.48c In this 
model, parameters for steric accessibility (Ω) of the α and β carbons were included with the 
charge limited local electrophilicity. Four models were tested, with the best having an R2 = 
0.91 for the predicted vs. experimental rate constants. It was demonstrated that rate constants 
could be calculated from RC50 values and vice versa. Dividing compounds into separate 
classes such as aldehydes, ketones, and esters gave improved correlation coefficients.48c

10. Conclusions

To the best of our knowledge, this perspective has provided an exhaustive coverage of 
biologically relevant and molecularly complex α,β-unsaturated carbonyls that have 
demonstrated reactivity towards thiols. Thiol reactivity was presented as kinetic data, 
including rate constants and half-lives, as well as the yield and characterization of thiol 
adducts. The reversibility of thiol adducts was provided in terms of equilibrium or 
dissociation constants, crossover experiments, or adduct stability measurements. We have 
also highlighted the biological activity of α,β-unsaturated carbonyls through their 
cytotoxicity, inhibition of target proteins, and sites of covalent modification. Through 
comparisons of the rates of thiol addition to biological activities or toxicities, the effects of 
the electrophilicity of a Michael acceptor on its bioactivity were elucidated. Methods for 
analyzing the electrophilicity of α,β-unsaturated carbonyls through spectroscopy and 
computation provided a better understanding of the steric and electronic factors that 
influence hetero-Michael addition reactions.

The recent approval of several covalent drugs and the success of targeted covalent inhibitors 
for enhancing the ligand binding selectivity for structurally related proteins, increasing the 
binding affinity for proteins with shallow binding sites, and the ability to overcome drug 
resistance has led to a renewed interest in covalent drug design. When considering α,β-
unsaturated carbonyls in the design of covalent inhibitors, it is important to understand the 
factors that govern their ability to form adducts with thiols, especially under biologically 
relevant conditions (pH = 6-8). Thiol adduct formation is one of the major pathways for 
covalent inhibition of proteins and is also a major pathway for covalent inhibitor 
deactivation when adducts are formed with free cellular thiols such as GSH. The ability to 
tune the electrophilicity of α,β-unsaturated carbonyls through careful selection of the type of 
carbonyl and selective modifications to the surrounding structure plays an important role in 
the future of covalent inhibitor design in order to maximize selectivity and efficacy for a 
desired protein. The factors that govern the reversibility of thiol adduct formation is another 
important consideration, since rapidly reversible covalent bonds offer a strong interaction 
that complements the typical noncovalent interactions used in the design of reversible 
inhibitors. This perspective has shown the effects of electronic and steric factors that 
influence the ability of Michael acceptors to form adducts with thiols and also presents 
methods used to measure the hetero-Michael addition of thiols to α,β-unsaturated carbonyls.

To briefly summarize, the rate of thiol addition to α,β-unsaturated carbonyls, under 
biologically relevant conditions, decreases in the order of enals > enones > α,β-unsaturated 
esters > acrylamides > α,β-unsaturated carboxylic acids. However, substituents at the α or β 
positions of a Michael acceptor can greatly influence the rate of thiol addition. Electron 
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donating groups such as alkyl or electron rich aryl groups at the α or β position significantly 
reduce the rate of thiol addition relative to unsubstituted Michael acceptors. Electron 
withdrawing groups at the α position increase the rate of hetero-Michael addition, but also 
make the resulting adducts more prone to the reverse Michael reaction. The pH also has a 
significant impact on the rate of thiol adduct formation with more acidic conditions (pH < 7) 
slowing thiol adduct formation and basic conditions speeding it up. However, in some cases 
a pH > 9 promotes the reverse Michael reaction. We hope that this perspective has given 
readers a better understanding of the thiol reactivity of Michael acceptors and how this 
reactivity can be modulated by changing the structure and substituents on an α,β-
unsaturated carbonyl. The information presented in this perspective demonstrates the 
potential of Michael acceptors as modulators of biological activity through examples of both 
natural products and synthetic compounds.
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Abbreviations Used

ABPP activity based protein profiling

ahpC alkyl hydroperoxide reductase subunit C

ALARM NMRA La assay to detect reactive molecules by NMR

ATM ataxia telangiectasia mutated

ATR ataxia-telangiectasia and Rad3-related protein

AurB aurora B kinase

Blk B lymphocyte kinase

Bmx bone marrow kinase on chromosome X also known as ETK

Btk Bruton's tyrosine kinase

CD concentration of a compound that doubles the activity of NQO1

CD117 cluster of differentiation molecule 117

CDDP 1-p-Chlorophenyl-4,4-dimethyl-5-diethylamino-1-penten-3-one 
hydrobromide

COMT catechol-O-methyltransferase

CRM chromosome region maintenance

c-Src proto-oncogene tyrosine-protein kinase Src or cellular Src kinase

CTD C-terminal kinase domain

CyPG cyclopentenone prostaglandin

DNA-PK DNA-dependent protein kinase

ERK extracellular signal-related kinase

FGFR fibroblast growth factor receptor

FLT3 FMS-like tyrosine kinase 3

Gpx glutathione peroxidase

GR glutathione reductase
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GSH glutathione

HCAN1 human calpain 1 protease

HMAF hydroxymethylacylfulvene

HO-1 heme oxygenase

HRV-3CP human rhinovirus 3C protease

HSF heat shock transcription factor

IκB inhibitor of nuclear factor κ-B

IKKβ inhibitor of nuclear factor κ-B kinase subunit β

JNK c-jun NH2-terminal kinase

JSP JNK-stimulating phosphatase

katG catalase-peroxidase

Keap1 Kelch-like ECH associated protein

LMB leptomycin B

Lyn Lck/Yes-related novel protein tyrosine kinase

MelB melampomagnolide B

MgrA global regulator in Staphylococcus aureus

MNK MAPK-interacting kinase

Mps monopolar spindle kinase

NAC N-acetyl cysteine

Nek2 NIMA-related kinase 2

NR-PKS nonreducing fungal polyketide synthase

NQO1 NADPH:quinone reductase

NS5B hepatitis C virus RNA polymerase

PAINS pan-assay interference compounds

PDGFRα platelet derived growth factor receptor α

PIKK PI3K-related kinase

Plk polo-like kinase

PP protein phosphatase

PTL parthenolide
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RAL resorcylic acid lactone

RSK ribosomal s6 kinase

S1P sphingosine 1-phosphate receptor

SarA Staphylococcus aureus protein A

SarR Staphylococcus aureus protein R

Skp2 S phase kinase-associated protein 2

SL sesquiterpene lactone

Src sarcoma

SrtA sortase A

Syk spleen tyrosine kinase

TbCLK1 Trypanosoma brucei CDC2-like kinase

thil tRNA sulfurtransferase

TNFα-PLAPtumor necrosis factor phospholipase A2-activating protein

TRPA transient receptor potential cation channel

Trx thioredoxin

TrxR thioredoxin reductase
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Figure 1. 

HCV protease inhibitors.
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Figure 2. 

Reversible and irreversible EGFR inhibitors.
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Figure 3. 

FGFR and Btk inhibitors.
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Figure 4. 

Pan JNK 1/2/3 inhibitors.
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Figure 5. 

PI3Kα and VEGFR-2 inhibitors.

Jackson et al. Page 68

J Med Chem. Author manuscript; available in PMC 2018 February 09.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 6. 

Inhibitors of Src kinases.
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Figure 7. 

Nek2 inhibitors.
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Figure 8. 

Dual EGFR/VEGFR-2 inhibitor.
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Scheme 1. 

Dimethyl Fumarate Hydrolysis
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Figure 9. 

Rapidly reversible nitrile-containing Michael acceptors.
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Scheme 2. 

Relative Rates of GSH Addition to N-Arylacrylamides
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Figure 10. 

Example of a microcystin.
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Scheme 3. 

Rakicidin A and Analog that Forms a 1,6-Addition Product with Methyl Thioglycolate
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Figure 11. 

Structure of thalassospiramide A.
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Figure 12. 

Structure of pyrrocidine A.
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Scheme 4. 

Thiol Addition to Pyrrolinones
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Figure 13. 

Natural products containing α-methylene, α-benzylidene, or α-ethylidene lactams.
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Scheme 5. 

Thiol Adduct Formation with α-Methylene-γ-lactams and Oxindoles
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Figure 14. 

Inhibitors of human rhinovirus 3C protease (HRV-3CP).
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Figure 15. 

Michael acceptors and pseudo-first order reaction rates with N-acetyl-cysteine methyl ester.
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Figure 16. 

Irreversible papain inhibitors.
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Figure 17. 

Inhibitors of CRM1-mediated nucleocytoplasmic transport and their IC50 values.
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Figure 18. 

Kozusamycin A with analogs and cytotoxicity towards HPAC cells.
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Scheme 6. 

Thiol Addition to Unsaturated Sugars
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Scheme 7. 

Thiol Addition to α,β-Unsaturated-δ-valerolactones
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Scheme 8. 

Thiol Addition to Dually Activated Chromones
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Scheme 9. 

Thiol Addition Reactions to Coumarins
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Figure 19. 

Examples of cardenolide natural products containing a butenolide.
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Scheme 10. 

Effect of Alkyl Substitution on Thiol Addition to Butenolides
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Scheme 11. 

Thiol Adducts as Double Bond Protecting Groups
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Scheme 12. 

Thiol Addition to γ-Methylene or γ-Alkylidene Butenolides
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Figure 20. 

Structures of α-methylene-γ-lactone-containing natural products.
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Figure 21. 

Structures of pseudoguaianolides.
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Figure 22. 

Natural product α-methylene-γ-lactones and prodrug derivative (fumarate salt of 201 not 
shown for clarity).
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Figure 23. 

Structures of arglabin and derivatives.
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Figure 24. 

Reduction in cytotoxicity (IC50) when substituents are on the exocyclic methylene.
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Figure 25. 

Melampomagnolide B and biotinylated derivative used for pulldown studies.
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Figure 26. 

Library of α-methylene-γ-lactones containing terminal alkynes used as biological probes for 
the discovery of novel anti-microbial targets.
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Figure 27. 

Styryl dienones and proposed mechanism for ortho-hydroxy substituent effect.
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Figure 28. 

Styryl ketones and similar Mannich bases.
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Scheme 13. 

Generic Chalcone and Addition of Cysteamine to 2' Hydroxy Chalcone
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Figure 29. 

Structure of curcumin.
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Scheme 14. 

Reversibility of Glutathione Adducts of Curcumin Analogs
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Figure 30. 

Resorcylic acid lactones with IC50 values for inhibition of TNFα-PLAP.
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Figure 31. 

Synthetic resorcylic acid lactone analogs.
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Figure 32. 

Selected CyPGs structures.
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Scheme 15. 

Equilibrium Formation of Thiol Adducts of PGA1 and Δ7-PGA1 Methyl Esters
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Figure 33. 

Proposed structure of CyPG crosslinking H-Ras C-terminal peptide (K170-K185).
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Scheme 16. 

Formation of Thiol Adducts with Clavulone Derivatives
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Scheme 17. 

Reactions and Reversibility of Clavulone Derivatives with Thiols
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Scheme 18. 

Nucleophilic Addition to Exocyclic vs Endocyclic Enones of Cyclopentenones
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Scheme 19. 

Equilibrium Formation of Thiol Adducts with Cyclopentenones
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Scheme 20. 

Cysteine and Propanethiol Addition to a Triquinane
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Scheme 21. 

Selected Kaurane Natural Products and the Reaction of Oridonin with Thiols
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Scheme 22. 

Addition of Cysteamine to a Cryptocaryone Analog
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Scheme 23. 

Mechanism of Thiol Activation of Calicheamicin and Thiol Addition to a Derivative
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Figure 34. 

Natural product (351-354) and synthetic (355-357) cyclopentenediones with biological 
activity.
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Scheme 24. 

Synthesis of Sulfenic Acid Probe and Thiol Reactivity of Cyclopentenediones
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Scheme 25. 

Reactions of Aldehydes with Thiols
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Scheme 26. 

Dually Activated Michael Acceptors
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Scheme 27. 

Reversibility of Dually Activated Michael Acceptors and RSK2 Inhibitors

Jackson et al. Page 124

J Med Chem. Author manuscript; available in PMC 2018 February 09.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Scheme 28. 

Tunable Reversibility of α-Heteroaromatic-Substituted Acrylonitriles
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Scheme 29. 

Effect of β-Substituent on the Reversibility of Thiol Addition to Dually Activated Michael 
Acceptors
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Figure 35. 

α-Nitrile cyclohexenone dually activated Michael acceptors.
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Figure 36. 

Illudin natural products and synthetic derivatives.
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Scheme 30. 

Mechanism for Direct Thiol Alkylation of Hydroxymethylacylfulvene
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Scheme 31. 

Products Obtained from the Reaction of HMAF with Thiols
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Figure 37. 

Examples of Bioactive α-haloacrolyl compounds.
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Scheme 32. 

Reactions of α-Bromocyclopentenone with Thiols and DNA
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Scheme 33. 

Products of Thiol Addition to α-Halo Butenolide with Proposed Intermediate
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Figure 38. 

Examples of biologically active rhodanines.
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Figure 39. 

Rhodanines and analogs that did not form detectable adducts with GSH.
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Scheme 34. 

Reversible Additions of Thiols to Rhodanines and Related Scaffolds
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Scheme 35. 

Reaction of Thiol and Amine Nucleophiles with Wortmannin
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Scheme 36. 

Crossover Experiments Showing the Reversibility of Wortmannin Adducts
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Scheme 37. 

Reaction of Monomethyl Fumarate with GSH
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Scheme 38. 

Reaction of Fumaric Acid with GSH
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Scheme 39. 

pH Dependence of Thiol Reactive Quinolines
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Scheme 40. 

Coumarin Based Fluorogenic Probes and Second Order Rates Constants for GSH Addition
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Scheme 41. 

Fluorescence of Quinazoline Michael Acceptors upon Covalent Modification of a Cysteine 
in c-Src
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Figure 40. 

Compounds reactive toward cysteamine.
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Figure 41. 

Compounds nonreactive toward cysteamine.
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Scheme 42. 

Reaction of α,β-Unsaturated Aldehydes with Cysteamine
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Scheme 43. 

Methyl Cinnamates in Order of Decreasing Rates of GSH Addition
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Figure 42. 

Classification of scaffolds by 13C NMR chemical shift values.
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Figure 43. 

Relative experimental rates of GSH addition to α,β-unsaturated carbonyls.
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Table 1

Kinetic Competition Experiments Between Acrylamides and GSH

Entry R (A) R (B)
%

a
 Conversion

A B

1 2 23

2 17 0

3 33 8

4
8
b

42
b

5
36

c
6
c

6 41 0

7
8
b

8
b

J Med Chem. Author manuscript; available in PMC 2018 February 09.



A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u

s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t

Jackson et al. Page 151

Entry R (A) R (B) % Conversion

A B

8 0 19

9 0 0

10 15 0

a
Two inhibitors (2.5 mM each) were reacted with a limiting quantity of GSH (1.25 mM), 20-24 h, rt and the percent conversion to the adducts was 

measured

b
12 equiv diisopropylethylamine were added

c
1000 equiv triethylamine were added
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Table 2

Half-Lives for the Reaction of Various Acrylamides with GSH

Reactive t1/2 < 8 h Mildly Reactive t1/2 = 15 - 41 h Non-Reactive t1/2 > 60 h

Entry Acrylamide
t1/2 (h)

a Entry Acrylamide
t1/2 (h)

a Entry Acrylamide
t1/2 (h)

a

1 0.13 8 15 15
> 60/20

b

2 0.44 9 17 16
> 60/58

b

3 0.88 10 25 17
> 60/>60

b

4 1.6 11 27 18 > 60

5 3.5 12 28 19 > 60

6 4.0 13 33 20 > 60

7 8.0 14 41 21 > 60

J Med Chem. Author manuscript; available in PMC 2018 February 09.



A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u

s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t

Jackson et al. Page 153

a
Half-lives (t1/2) of acrylamides (1 mM) when reacted with GSH (10 mM) at pH = 7.4 at 37 °C with 10% MeCN

b
t1/2 measured at 60 °C.40
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Table 3

Comparison of Different Michael Acceptors for Inhibition of HRV-3CP

Entry R =
kobs/[I] (M−1s−1)

a
DTT deactivation

b
EC50 (µM)

c
CC50 (µM)

d

1 20000 No 1.3 >320

2 2400 No 4.2 >320

3 25000 No 0.54 >320

4 7300 No 3 >320

5 60 ND >320 >320

6 30 ND >100 >100

7 350 No >320 >320

8 1300 ND 56 >100

9 8500 No >44 44
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Entry R =
kobs/[I] (M−1s−1)

a
DTT deactivation

b
EC50 (µM)

c
CC50 (µM)

d

10 53000 Yes 1.8 29

11 54000 Yes 2.0 60

12 500000 Yes 4 16

13 4500 Yes >25 25

14 310000 Yes >32 32

15 600000 Yes 1.6 >100

16 10900 No 5.2 >320

17 155500 No 0.71 >100

18
Ki = 30 nM

e ND 16 >100
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a
Enzyme inhibition reported as kobs/[I] (M−1s−1)

b
DTT deactivation indicates partial or complete loss of HRV-3CP inhibition if a compound was pretreated with dithiothreitol for 3 min (ND = not 

determined)

c
Antiviral activity reported as EC50 (μM) in H1-HeLa cells

d
Cellular toxicity of compound to H1-HeLa cells reported as CC50 (μM)

e
Reversible inhibition of HRV-3CP
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Table 4

Rate Constants for Reaction of α-Methylene-γ-lactones with Cysteine

Compound
Rate Constant (M−1s−1)

a

195 1.7

Elephantopin (192) 43

Iodoacetamide 25

Eupatundin (193) ~42
b

Vernolepin (194) ~200
b

N-ethylmaleimide 3750

a
Reported second order rate constants with cysteine (2 equivalents) in aqueous buffer (pH = 7.4)

b
The kinetics for the addition of cysteine to 193 and 194 were nonlinear, so the rate constants were calculated from initial rates.
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Table 5

Cytotoxicity of Arglabin and Derivatives Towards Cancer Cell Lines

Cell line 
a 203 205 208 209 210 211 212

515A2 (melanoma) 6.72 5.54 16.9 16.9 13.2 14.3 15.0

A431 (cervical) 4.48 5.19 12.8 13.6 16.9 18.9 4.40

A549 (lung) 2.21 1.95 12.8 10.1 4.76 4.76 15.7

HT-29 (colon) 7.00 10.8 18.6 17.8 16.2 8.1 15.1

MCF-7 (breast) 2.33 1.85 17.3 16.9 13.4 16.9 15.1

a
IC50 values reported in μM
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Table 6

Effects of α-Substitution on the Rate of Cysteamine Addition to Chalcones

Entry X = k2 (M−1s−1)

1 CN (246) 5700

2 NO2 (247) 750

3 CF3 (248) 17

4 Br (249) 2.9

5 Cl (250) 1.6

6 p-NO2-Ph (251) 0.29

7 I (252) 0.28

8 CO2Et (253) 0.28

9 H (254) 0.19

10 F (255) 0.017

11 p-OMe-Ph (256) 0.0086

12 Me (257) 0.0075

13 Ph (258) 0.0067

14 CO2H (259) 0.0037
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Table 7

Second Order Rate Constants for GSH Addition to α,β-Unsaturated Carbonyls

Aldehyde Ketones Esters

Entry Structure kGSH (M−1s−1) Entry Structure kGSH (M−1s−1) Entry Structure kGSH (M−1s−1)

1 487 10 1173 19 105

2 203 11 80.0 20 51.4

3 59.4 12 26.7 21 19.6

4 28.3 13 25.6 22 10.6

5 22.8 14 11.4 23 8.54
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Aldehyde Ketones Esters

Entry Structure kGSH (M−1s−1) Entry Structure kGSH (M−1s−1) Entry Structure kGSH (M−1s−1)

6 18.0 15 0.779 24 0.785

7 3.49 16 0.208 25 0.164

8 1.71 17 0.200 26 0.072

9 0.474 18 0.074 27 0.007
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Table 8

Effect of Quinone Substitution on their Half-Lives when Reacted with GSH

Entry R1
t1/2, 10 µM (h)

a
t1/2, 1 µM (h)

b

1 OMe (443) 80 68

2 N-piperazinyl-4-CH2Ph (444) 85 73

3 N(CH3)Ph (445) 295 341

4 N(CH3)2 (446) 601 160

5 Cl (447) < 0.02 < 0.02

6 OPh (448) < 0.02 < 0.02

7 SCH3 (449) 3 2

a
Half-life (t1/2) at 10 μM and

b
1 μM of the compound in the presence of 100 μM of GSH in a 1:1 solution of H2O:MeCN (no final pH of the solution was reported).

J Med Chem. Author manuscript; available in PMC 2018 February 09.



A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u

s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t

Jackson et al. Page 163

Table 9

Effect of Quinone Substituents on the Psuedo-first Order Rate Constants for the Reaction with 4-
Nitrobenzenethiol

Entry R1 R2 Psuedo-first Order Rate Consant (s−1)

1 H H (450) 1.5 × 103

2 H Me (451) 3.2 × 102

3 H tBu (452) 2.3 × 101

4 Me Me (453) 7.3 × 10−1

5 Cl H (454) 2.6 × 105

6 Cl Cl (455) 2.8 × 106
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Table 10

Comparison of Calculated Electrophilicity Parameters to the Second Order Rate Constants of Thiol Addition 
and to the Inhibition of Dopamine Uptake

Electrophile ELUMO (eV) ω (eV) log k2 NAC Uptake inhibition log IC50

−2.36 4.73 2.17 −4.33

−1.70 3.57 0.332 −4.28

−1.33 3.00 0.037 −3.48

−1.01 2.76 −1.893 −0.336

−0.69 2.30 −3.651 −0.359
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