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ABSTRACT 
Pyroptosis is a caspase-1-dependent pro-inflammatory form of programmed cell death implicated in the pathogenesis of auto-inflammatory diseases as well as in disorders characterized by excessive cell death and inflammation. Activation of NLRP3 inflammasome is a key event in the pyroptotic cascade. In this study we describe the synthesis and chemical tuning of ,-unsaturated electrophilic warheads toward the development of anti-pyroptotic compounds. Their pharmacological evaluation and structure-activity relationships are also described. Compound 9 was selected as a model of this series and it proved to be a reactive Michael acceptor, irreversibly trapping thiol nucleophiles, which prevented both ATP- and nigericin-triggered pyroptosis of human THP-1 cells in a time- and concentration-dependent manner. Moreover, 9 and other structurally related compounds, inhibited caspase-1 and NLRP3 ATPase activities. Our findings can contribute to the development of covalent, multi-target anti-pyroptotic compounds targeting molecular components of the NLRP3 inflammasome regulatory pathway. 

Introduction
Pyroptosis is a pro-inflammatory form of programmed cell death originally described in macrophages infected with Shigella flexneri.1,2 Pores with of 1-2 nm diameter appear in the plasma membrane of pyroptotic macrophages at early time-points. Pore formation is a caspase-1-dependent process: it dissipates cellular ionic gradient, producing a net increased osmotic pressure, water influx, cell swelling and eventually osmotic lysis and release of the pro-inflammatory intracellular contents.3 Caspase-1 activation in macrophages can also result in the proteolytic maturation and release of pro-inflammatory interleukins (IL)-1β and IL-18 from cells.4,5 However, pyroptosis has been shown to occur also independently of IL-1β and IL-186 and is also triggered in non-myeloid cell types either by bacterial or non-bacterial stimuli, including viruses, microparticles, cancer chemotherapy, as well as host factors, including misfolded proteins.7-13 In the past decade a better, albeit still incomplete, understanding of the biochemical pathways leading to caspase-1 activation has been achieved. Pro-caspase-1 undergoes proximity-induced auto-proteolytic conversion of the zymogen into active caspase-1 in large cytosolic protein complexes termed inflammasomes.5,14,15 The NLR family, pyrin domain-containing 3 (NLRP3) inflammasome is the best recognized and the most widely implicated regulator of caspase-1 activation. Activation of NLRP3 inflammasome is often described in terms of a two-step process requiring two signals. For example, many microbial Toll-like receptor (TLR) ligands, such as lipopolysaccharide (LPS, priming signal), have been shown to prime cells by inducing the transcription and translation of NLRP3 protein itself.10,16,17 A further signal (activating signal), such as ATP or nigericin, is required to trigger the formation of the inflammasome complex that leads to the activation of caspase-1 and eventually pyroptosis (Figure 1).
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Figure 1. A simplified view illustrating NLRP3 inflammasome activation pathways. Priming: a first signal (i.e. TLR ligands) induces the NF-κB-mediated transcription of NLRP3 and pro-IL-1. Activation: a second signal is then required to trigger the pro-inflammatory response. ATP, activating the purinergic P2X7 receptor; nigericin, a K+/H+ antiport ionophore; crystalline structures (i.e. uric acid, cholesterol crystals, silica) or misfolded protein aggregates, promote the inflammasome assembly and auto-activation. Once assembled NLRP3 inflammasome triggers the auto-proteolytic conversion of pro-caspase-1 into active caspase-1 that promotes pyroptosis and/or IL-1 release.

Convincing data have highlighted the pathophysiological implications of caspase-1 activation in pyroptotic cells. Such data suggest that pharmacological interventions aimed to counteract this event may be a promising pharmacological strategy to treat diseases characterized by excessive/uncontrolled cell death and inflammation.18-21 Systemic auto-inflammatory diseases known as cryopyrin-associated periodic syndromes (CAPS) are a case in point. They are rare, chronic, disabling disorders encompassing three conditions: familial cold auto-inflammatory syndrome (FCAS, or familial cold urticaria), Muckle-Wells syndrome (MWS), and chronic infantile neurologic, cutaneous, articular (CINCA) syndrome (also known as neonatal-onset multisystem inflammatory disease, NOMID). Although the exact pathogenic mechanism underlying these disorders has not been fully clarified, mutations in NLRP3/CIAS1 could result either in a gain-of-function of NLPR3 protein or in an increase of its level leading to a chronic sterile state of inflammation. 22-24 Moreover, the onset of chronic inflammation, due to NLRP3 inflammasome activation, has recently been linked to a wide and diverse range of disorders including type-2 diabetes mellitus, atherosclerosis, inflammatory bowel disease, respiratory diseases, liver injury, as well as neurodegenerative diseases, thereby expanding the potential for therapeutic application of “NLRP3 inflammasome blockers”.18,25-27
Some small molecules have been reported to prevent NLRP3 inflammasome-dependent pyroptosis (or caspase-1 activation as surrogate marker) triggered by several stimuli, among them resatorvid (1), 5Z-7-oxozeaneol (2) and bromoxone (3) (Chart 1).28 However, knowledge of direct inhibitors of NLRP3 inflammasome activation or assembly is limited to (E)-3-tosylacrylonitrile (Bay 11-7082, 4),29 a compound of synthetic origin, and parthenolide (5), a sesquiterpene lactone extracted from feverfew (Tanacetum parthenium), which might also target multiple stages of the NLRP3 inflammasome signaling pathway.29 Recently, 3,4-methylenedioxy-β-nitrostyrene (6), a synthetic kinase inhibitor, has been also shown to specifically inhibit NLRP3 activation.30

Chart 1. Structures of compounds inhibiting NLRP3 activation or NLRP3-related signaling pathways.
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Such structurally unrelated compounds share an olefin activated by substitution with electron withdrawing group(s) as the sole substructure similarity. Therefore, it is reasonable to suggest that the formation of covalent adducts via Michael-type reactions with molecular targets involved in the regulation of the pyroptotic cascade could underlie their anti-pyroptotic activity. In particular, the alkylation of the thiol group of functional or regulatory cysteine residues in proteins involved in the NLRP3 inflammasome regulatory network (e.g. NLRP3 and caspase-1) could be a common feature of their mechanism of action. Nowadays the pursuit of covalent inhibitors has gained a renewed interest as an attractive strategy in drug design.31 The reactivity of electrophilic functionalities can be finely regulated, thus enabling medicinal application with favorable toxicity, through two approaches: 1) tuning their reactivity; 2) conferring target selectivity, thus confining their reactivity to the target pocket.32-34
A few innovative studies on small electrophilic molecules, able to efficiently modulate different biological pathways, have been recently reported.35 
In view of the above, we designed a library of electrophilic warheads, bearing substituted α,β-unsaturated nitrile and α,β-unsaturated carbonyl-derived functionalities, to explore the possibility of obtaining new compounds able to interfere with the NLRP3 inflammasome-dependent pyroptotic cascade.
The primary aim of this research is to establish the structure-activity relationships (SARs) of the synthesized electrophilic fragments, and eventually to find a hit structure amenable for further chemical manipulation.
We synthesized a focused library of compounds of general structure I (Figure 2, compounds 7-42), inspired by 5, where an α,β-unsaturated lactone substructure with an exocyclic double bond is found. The modulation of R1 and R2 should enable fine tuning of reactivity of the unsaturated double bond, while W and X variations could generate compounds with modulated physico-chemical properties allowing enough chemical space for further manipulation toward more selective agents. 43 (Figure 2), a close analogue deprived of Michael acceptor fragment, was also synthesized as reference compound for pharmacological studies. 
In this paper we present the pyroptosis inhibition rates of five series (Figure 2, series A-E) of electrophilic fragments together with their cytotoxicity values. We show that selected compounds act at several stages of pyroptotic cascade, since they can inhibit directly caspase-1 and NLRP3 ATPase activity. We also demonstrate that these compounds act as Michael acceptors in physiologically similar conditions via 1H-NMR experiments and a thiol trapping kinetic assay.
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Figure 2. Structures of designed electrophilic warheads 7-42 and reference compound 43.

RESULTS AND DISCUSSION
Chemistry. For the synthesis of the designed compounds we relied on the use of the Morita-Baylis-Hillman (MBH) reaction which involves a C-C bond formation between an electron-deficient alkene and a carbonyl compound catalyzed by a tertiary amine or a phosphine. This atom-economic reaction offers several advantages making use of commercially available starting materials and mild reaction conditions generating flexible and multifunctional adducts; main disadvantages are usually its long reaction times and variable yields that strongly depend on the reactivity of carbonyl compound and olefinic partner as well as on the catalyst and solvent employed.36
Initially the method developed by Yu and coworkers was used.37 This method required a stoichiometric amount of 1,4-diazabicyclo[2.2.2]octane (DABCO), as the catalyst, in a 1/1 mixture of dioxane/H2O. Under such conditions we were only able to efficiently react 2-pyridinecarboxaldehyde and 2-nitrobenzaldehyde with ethyl acrylate and acrylonitrile obtaining the desired MBH adducts 7, 8, 22, 23 in 44-70% yields (Scheme 1). When the same method was applied to less reactive aldehydes (2-halobenzaldehydes) either no appreciable amount of product was obtained (9; Scheme 1) or longer reaction times were required (10; Scheme 1).

Scheme 1. Synthesis of compounds 7-10, 22, 23a
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aReagents and conditions: (a) W-CHO (1 mmol), CH2=CHR1 (3 mmol), DABCO (1 mmol), dioxane/H2O (1/1), rt.

We then switched to the use of a mixture of THF/MeOH/H2O (1/1/2) as reaction solvent (Scheme 2). The use of this medium proved successful with a range of aldehydes only when they were reacted with acrylonitrile affording 24, 26-30 in variable yields.
Either no reaction or traces (<1%) of products were obtained when less reactive ethyl acrylate was used (9; Scheme 2).

Scheme 2. Synthesis of compounds 9, 24, 26-30a 
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aReagents and conditions: (a) W-CHO (1 mmol), CH2=CHR1 (3 mmol), DABCO (1 mmol), THF/MeOH/H2O (1/1/2), rt.

In order to obtain MBH adducts with ethyl acrylate we studied the reaction between 2-chlorobenzaldehyde, chosen as model aldehyde, and ethyl acrylate under different conditions (Table 1). 2-Chlorobenzaldehyde (1 mmol) and ethyl acrylate (3 mmol) were reacted at room temperature for seven days in four different solvents with stoichiometric amounts of different catalysts. DABCO, 4-(dimethylamino)pyridine (DMAP), 1,5-diazabiciclo[5.4.0]undec-5-ene (DBU), triethylamine (Et3N), imidazole (Im), tetramethylethylenediamine (TMEDA) and triphenylphosphine (PPh3) were employed as the catalysts; chloroform, THF/MeOH/H2O (1/1/2), 1,4-dioxane/H2O (1/1) and CH3CN/H2O (9/1) were employed as solvent. The use of DABCO or DMAP in CH3CN/H2O (9/1) proved to be the most efficient combination, in particular satisfactory yield of 9 (67 %) was obtained with DABCO catalysis (Table 1, entry 4). Applying the aforementioned conditions we successfully scaled-up MBH reaction up to 40 mmol scale without any significant loss in yield (Table 1, entry 17). Heating at 80 °C showed a negligible influence of temperature on MBH kinetics (Table 1, entry 18).
Insert table 1

This procedure was then used for the synthesis of 10-19 which were isolated in 7-96% yields after flash chromatography (FC) (Scheme 3). In order to investigate whether this procedure was not exclusive to ethyl acrylate-derived adducts we applied the same protocol for the reaction of 2-fluorobenzaldehyde with acrylonitrile obtaining 85% yield of 25. Such a result suggests that this method can effectively be used to synthesize both -substituted acrylonitriles and acrylates. Ketone derivative 34 was synthesized using rac-proline/NaHCO3 in place of DABCO as the catalyst. 

Scheme 3. Synthesis of compounds 10-21, 25, 34a
[image: E:\scheme 3.tif]
aReagents and conditions: (a) W-CHO (1 mmol), CH2=CH-R1 (3 mmol), DABCO (1 mmol), CH3CN/H2O (9/1), rt, 7 d; (b) W-CHO (1 mmol), CH2=CH-R1 (3 mmol), DABCO (1 mmol), neat, rt, 7 d (c) W-CHO (1 mmol), CH2=CH-R1 (3 mmol), DABCO (1 mmol), CH3CN/H2O (9/1), rt, 16 h; (d) W-CHO (1 mmol), CH2=CH-R1 (1.2 mmol), DABCO (1 mmol), formamide, rt, N2 atm, 69 h. (e) W-CHO (1 mmol), CH2=CH-R1 (3 mmol), rac-proline (0.1 mmol), NaHCO3 (0.25 mmol), DMF/H2O (9/1), rt, 5 d.

When the reaction protocol was used for the synthesis of compounds bearing an aliphatic moiety in W position, contrasting results were obtained. The reaction between acetaldehyde and ethyl acrylate afforded modest yield (28%) of 20. However, when more lipophilic cyclohexane-carboxaldehyde was used, no reaction occurred. To obtain 21 we adapted a reported procedure38 employing DABCO in formamide under a nitrogen atmosphere. In such conditions we were able to obtain the desired compound in 33% isolated yield. 
Interestingly the reaction performed using DMAP catalysis to obtain 9 (Table 1, entry 11) generated a second minor product (31), in addition to the desired compound. Compound 31 was generated by oxa-Michael addition of 9 on ethyl acrylate double bond. Since we were interested in studying the effect of O-alkylation on a small series of chloro-substituted compounds we employed DMAP-catalyzed MBH reaction to synthesize compounds 32 and 33, the O-alkylated analogues of 15 and 16, without optimizing the reaction conditions (Scheme 4).

Scheme 4. Synthesis of compounds 9, 15, 16, 31-33a
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aReagents and conditions: (a) W-CHO (1 mmol), ethyl acrylate (3 mmol), DMAP (1 mmol), CH3CN/H2O (9/1), rt, 7d.

To obtain compounds with R1 substituent variation, 9 was converted into the corresponding acid 35 by treatment with methanolic KOH and subsequently coupled to propanamine to afford the amide 36. Reference compound 43 was obtained via double bond reduction of 9 using H2 and 5% Pd/C in ethyl acetate (Scheme 5).

Scheme 5. Synthesis of compounds 35, 36, 43a.
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aReagents and conditions: (a) KOH 0.9 M, MeOH, rt, 18 h; (b) HOBt, HBTU, DIPEA, DMF/CH2Cl2 (5/2), rt, 18 h; (c) H2, Pd/C (5 %), EtOAc, rt, 10 min.

To obtain R2-modulated compounds, functionalization of double bond in -position, was accomplished starting from (E)- and (Z)-iodoacrylates 37 and 38, synthesized via one-step MBH reaction between 2-chlorobenzaldehyde and ethyl propiolate followed by iodination with MgI2. Obtained iodo-derivatives were reacted in a Pd-catalyzed Suzuki reaction with phenyl boronic acid to furnish (E)--phenyl acrylate 39 (48%) and its (Z)-isomer 40 (44%) or in a LiCuBr2 catalyzed Gilman reaction with methyl magnesium bromide to give (E)- and (Z)-crotonates 41 and 42 (Scheme 6). Isomer identification was determined by comparison of 1H-NMR spectra of similar compounds, olefinic proton appearing at higher ppm in (E)-isomer (i.e. 8.10 ppm in 37) than in (Z)-isomer (i.e. 7.16 ppm in 38).39

Scheme 6. Synthesis of compounds 37-42a
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aReagents and conditions: (a) ethyl propiolate, MgI2, CH2Cl2, 0 °C, 18 h; (b) PhB(OH)2, Cs2CO3, Pd(OAc)2, DME/H2O (1/1), rt, 24 h; (c) MeMgBr, LiCuBr2, -40 °C, 40 min. 

Anti-pyroptotic effect, cytotoxicity, and structure activity-relationships of synthesized compounds. Pyroptosis was studied in phorbol myristate acetate (PMA)-differentiated and LPS-primed THP-1 cells exposed to ATP (5 mM; 1 h) or nigericin (10 μM, 1.5 h), as previously described.28,40 Dying cells with increased size which eventually undergo to cytoplasmic swelling and cell lysis through the rupture of the plasma membrane were observed in the cell cultures exposed to ATP (Figure 3A). Moreover, as shown in Figure 3B, a significant increase in lactate dehydrogenase (LDH) activity, used as a marker of cell death, was measured in the supernatant of ATP- (41.9 ± 3.6%; p < 0.01, ANOVA and Bonferroni’s post-test) or nigericin-treated cells (43.3 ± 4.3%; p < 0.01) compared to vehicle alone. These findings are consistent with previous studies, and indicate that this experimental model allow the study of pyroptosis.
To explore the pharmacological properties of the synthesized compounds, their ability to prevent the ATP-triggered cell death was initially studied. The synthesized compounds were assumed to act by forming covalent adducts with yet undefined molecular targets, and thus, to evaluate the relative efficacy, they were initially added at 10 μM, 1 h before the ATP exposure. In addition, given that adduct formation may result in cytotoxicity, their effects on the viability of human renal epithelial cells (HK-2) were also evaluated by MTT assay.
None of the assessed compounds (10 μM, 1 h) exerted direct inhibition of LDH activity (data not shown), thus indicating that measurement of LDH activity can be used as a marker to study the anti-pyroptotic effect of these compounds. 5 was adopted as a positive reference compound and abolished cell death (Table 2). Pyroptosis of THP-1 cells was significantly (p < 0.05 vs. vehicle alone) prevented by most of the synthesized compounds (Table 2). The effects ranged from 1.6 ± 2.5% (43) to 97.9 ± 5.7% (23), thus indicating that the entire spectrum of potential efficacy was observed. Half maximal toxicity concentrations (TC50) values obtained in cytotoxicity test, namely the molar concentration of compounds that decreases cell viability of HK-2 cells by 50%, ranged within >3-Log units, from 1.9 ± 8.2 μM (34) to >100 μM (21, 31-33, 35, 39, 40), thereby indicating a large variety in toxicological activities (Table 2).

[image: ]
Figure 3. Effects of ATP and nigericin on THP-1 cells. (A) PMA-differentiated and LPS-primed THP-1 cells were exposed to ATP (5 mM, 1 h). Representative images showing morphological changes related to the ATP-triggered cell death. The arrow indicates a cell undergoing pyroptosis, as indicated by a measurable size increase, followed by cytoplasmic swelling and cell lysis within few minutes of ATP exposure. (B) PMA-differentiated and LPS-primed THP-1 cells were exposed to vehicle alone, ATP (5 mM, 1 h), or nigericin (10 μM, 1.5 h) in serum-free medium. LDH activity was measured in the collected supernatants by a colorimetric assay. Data are expressed as absorbance at λ= 490 nm and are the mean±SEM of at least six experiments run in triplicate. ** p < 0.01 vs. vehicle alone. 
Insert table 2

9 was significantly more effective in preventing cell death compared to its saturated analogue 43 (75.1 ± 2.6% vs. 1.6 ± 2.5%, p < 0.01). Contrarily, the two compounds exerted comparable effects on the viability of HK-2 cells since the TC50 were 67.0 ± 3.4 μM and 75.5 ± 4.2 μM, respectively. Therefore, the α,β-unsaturated carbonyl moiety is a structural feature strictly related to the anti-pyroptotic activity of 9, thus consolidating our hypothesis that this substructure is the putative pharmacophore of known inflammasome inhibitors.
Results show that both compounds belonging to the ester series (A-series) and to the nitrile series (B-series) were able to significantly prevent pyroptotic cell death of THP-1 cells. Inspection of data obtained for esters 7-12, 15, 16 and corresponding nitriles 22-27, 29, 30 revealed no significant difference in the overall anti-pyroptotic efficacy [median effect: 63.7% (45.8 ± 1.6%-82.3 ± 7.8%) vs. 53.4% (14.1 ± 5.8%-97.9 ± 5.5%) respectively; p = 0.844; Wilcoxon signed rank test]. However, the median of the TC50 for the effects on the viability of HK-2 cells was significantly lower for the nitrile compared that for the ester series [18.4 μM (3.6 ± 1.4-36.4 ± 3.4 μM) vs. 54.7 μM (7.8 ± 1.1-70.5 ± 2.6 μM); p = 0.014]. This suggests that nitrile-series development can be discontinued due to its higher cytotoxicity. These findings indicate that the nature of the R1 and W groups significantly influences the pharmacological and toxicological activity of these compounds.
To better understand the role of the R1 group, the effects of ethylketone 34, carboxylic acid 35 and propylamide 36 were studied (D-series). Cell death was significantly prevented by 35 (42.0 ± 6.9%;  p< 0.01;), and 36 (31.2 ± 6.8%; p < 0.05), but not by 34 (12.1 ± 1.2%). Moreover, 35 and 36 were both significantly (p < 0.01) less effective and less toxic than 9 (Table 2). These findings not only confirm the role of R1 in determining the pharmacological activity of these α,β-unsaturated compounds, but also indicate that, compared to the cyano, carboxylic and carboxyamido groups, the ester group is associated to an overall more favorable pharmaco-toxicological profile. As a result, further experiments were focused on the ester series (Figure 2, A-series).
To explore the role of chlorine substitutions of the W-phenyl group, the effects of different monochloro-substituted isomers were first studied. Compared to the ortho-chloro-substituted 9, both the meta- (13) and para-chloro-substituted (14) compounds were significantly (p<0.01) less effective and more toxic (Table 2). Subsequently, the effects of 8-11, 18, 19, bearing different substituents in the ortho-position of the W-benzene ring, were considered. Cell death was significantly prevented by all these compounds (p < 0.05). In addition, the amplitude of the effects decreased linearly as follows F ≥ Cl ≥ NO2 ≥ Br > H > Me > OMe (Figure S1), but differences were significant (p < 0.05) only when electron-withdrawing substituents were compared to electron-donating ones. Cell viability of HK-2 cells was significantly decreased by all these compounds. A comparative analysis of the TC50 revealed that 8 (ortho-NO2) and 10 (ortho-F) were markedly more toxic than other compounds (Figure S1). Data taken together indicate that the anti-pyroptotic efficacy and cytotoxicity of these α,β-unsaturated esters are significantly influenced by the electronic properties of the substituent at the ortho-position of benzene ring in W. In addition, the more favorable pharmacological profile was achieved by the chlorine-substituted 9.
The effects of dichloro-substituted compounds 15 (2,6-dichloro-), 16 (2,4-dichloro-), and 17 (3,5-dichloro-) were studied. Cell death was significantly prevented by all these compounds (72.4 ± 1.4%-78.4 ± 11.5%), and their effects were not significantly different from those exerted by 9. However, 15 and 17 proved to be significantly (p < 0.05) more toxic (TC50 45.2 ± 6.4 μM and TC50 18.8 ± 5.1 μM, respectively) than the mono-substituted 9, while 16 exhibited comparable cytotoxic activity. Together these results indicate that chlorine substitution on the W-phenyl ring modulates both the anti-pyroptotic efficacy and the cytotoxicity of these compounds.
To further ascertain the role of the W group, the effects of 12, 20, 21, bearing respectively phenyl, methyl and cyclohexyl moieties were examined. Comparable anti-pyroptotic effects were exerted by these compounds (from 45.8 ± 1.6% to 64.3 ± 3.6%). By contrast, cell viability of HK-2 cells was differently affected, and the TC50 values were from 22.5 ± 5.5 μM (20) to >100 μM (21). 
To explore the role of the hydroxyl group in determining anti-pyroptotic activity and cytotoxicity of these compounds, the effects of 9, 15 and 16 were compared to those of O-alkylated analogues 31-33 (Figure 2, C-series). 9, 15, and 16 exerted significantly (p < 0.05) higher effects than 31-33 (Table 2). However, 31-33 were markedly less toxic (TC50 > 100 μM) with respect to their non-alkylated counterparts 9, 15 and 16 (45.2 ± 6.4-70.5 ± 2.6 μM). Such results indicate that the hydroxyl group could play a relevant role in determining the cytotoxic activity of these compounds, while O-alkylation did not significantly affect anti-pyroptotic activity of this class of compounds.
Lastly, the role of the R2 substituent was studied. Cell death of THP-1 cells was not decreased by β-iodo derivatives 37 and 38. In addition, these compounds markedly decreased cell viability of HK-2 cells, with TC50 values significantly lower (p < 0.01) than 9. Pyroptosis was instead significantly (p < 0.01) decreased by compounds 39-42. Compared to 9, both β-phenyl-substituted (39, 40) and β-methyl-substituted (41, 42) derivatives were significantly less effective (p < 0.05), and no differences were detected within both isomeric pair of compounds. Consistently, compared to 9, β-substitution led to increased TC50 values from 73.8 ± 7.2 μM (41) to >100 μM (39 and 40). These findings indicate that R2 substituent also influences the pharmacological and toxicological activity of these compounds. Moreover the geometry of the double bond plays a minor role in determining their activity.
No apparent relationship between the anti-pyroptotic activity and the lipophilicity, calculated by cLogP, was evidenced within this class of compounds (Table 2).
Finally, the amplitude of the anti-pyroptotic effects exerted by 9, 10, 15-17, 23, 24 and 26 was statistically comparable to that of 5. However, the TC50 values were significantly higher for 9, 15 and 16 suggesting a more promising toxicological profile with respect to 5.
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Figure 4. Summary of SAR for studied electrophilic compounds.

Time-course and concentration-response curves of the anti-pyroptotic effect. Compounds 8-10, 32, 33, 41 and 42, selected on the basis of their modulated efficacy, were tested to investigate the dynamics of the anti-pyroptotic effect in comparison to 5. First, time-dependency was studied. Differentiated and primed THP-1 cells were pre-treated (15-90 min before exposure to ATP) with the synthesized compounds (10 μM), and cell death was measured 1 h after exposure to ATP (5 mM), as previously described. The anti-pyroptotic effect raised over the pre-treatment time without achieving the steady-state (Figure 5A). Compared to the less effective compounds (41 and 42), more effective ones (8-10) were characterized by a faster onset of anti-pyroptotic effects. Then, the concentration-response relationships were studied exposing cells to increasing concentrations (0.001-10 μM) of each compound and measuring LDH activity 1 h after exposure to ATP (5 mM). As shown in Figure 5B, anti-pyroptotic effect increased in a concentration-dependent manner, and the EC50 values, namely the molar concentration of compound that produces 50% of its maximal possible effect, were in the sub-micromolar range for all tested compounds (Table 3).
Such results could indicate that these compounds prevent pyroptosis of THP-1 cells by the same mechanism of action. The affinities for the binding of these compounds to their molecular targets did not significantly differ, as indicated by the comparable EC50 values. The relative efficacy was related to the rate of action underlying the anti-pyroptotic effect: the faster the action, the higher the efficacy.
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Figure 5. Time-course and concentration-response curves for the effects of representative compounds on the ATP-triggered cell death of THP-1 cells. PMA-differentiated and LPS-primed THP-1 cells were pre-treated with vehicle alone or indicated compounds. (A) For the time-course experiments each compound was added at 10 µM, 15-90 min before exposure to ATP (5 mM; 1 h). (B) For the concentration-response experiments each compound was added at increasing concentrations (0.001-10 µM) 1 h before exposure to ATP (5 mM; 1 h). LDH activity was measured in the collected supernatant by a colorimetric assay. The effects of representative compounds [5 (), 8, (), 9 (), 10 (), 32 (), 33 (), 41 (), and 42 ()] are shown. Data are expressed as decrease of cell death vs. vehicle alone, and are the mean±SEM of at least four experiments run in triplicate.
Insert table 3

Effects of synthesized compounds on nigericin-triggered cell death of THP-1 cells. To better understand the anti-pyroptotic activity of this class of compounds, the effects of selected compounds 8-10, 32, 33, 41 and 42 were studied on the nigericin-triggered cell death40 of PMA-differentiated and LPS-primed THP-1 cells. As shown in Figure 3B, LDH release was significantly (p < 0.01 vs. vehicle alone) increased by nigericin (10 μM, 1.5 h), and the amplitude of the effect was comparable to that caused by ATP. Nigericin-triggered cell death was prevented by the synthesized compounds (0.001-10 μM) in a concentration-dependent manner (Figure 6), and comparable pEC50 were calculated (Table 3). However, compared to the ATP-triggered cell death (Figure 5B), the amplitude of the maximal anti-pyroptotic effect was significantly (p < 0.01) lower when cells were exposed to nigericin.
Data indicate that inhibition of the ATP-triggered events up-stream of the NLRP3 inflammasome and caspase-1 activation significantly contributes to the anti-pyroptotic activity of the synthesized compounds.
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Figure 6. Concentration-response curves of the effects of representative compounds on the nigericin-triggered cell death of THP-1 cells. PMA-differentiated and LPS-primed THP-1 cells were pre-treated with vehicle alone or indicated compounds. Each compound was added at increasing concentrations (0.001-10 μM) 1 h before exposure to nigericin (10 μM; 1.5 h). LDH activity was measured in the collected supernatant by a colorimetric assay. The effects of representative compounds [5 (), 8, (), 9 (), 10 (), 32 (), 33 (), 41 (), and 42 ()] are shown. Data are expressed as decrease of cell death vs. vehicle alone, and are the mean±SEM of at least four experiments run in triplicate.

Chemical reactivity of 9 as Michael acceptor. The biological action of covalent drugs could be correlated to their ability to react with nucleophilic thiols of functional/regulatory cysteine residues in protein targets. As a result the in vitro reactivity of 9, chosen as a model of this class of compounds, with glutathione (GSH) was investigated. The mechanism of the reaction between thiols and MBH adducts can follow several pathways: (i) –OH group direct displacement; (ii) acyl substitution; (iii) Michael conjugate addition; and (iv) Michael addition followed by –OH displacement with allylic rearrangement (Figure 7A). Products distribution depends on the reaction conditions employed.41
To mimic the physiological conditions, a solution of 9 in D2O/DMSO-d6 was treated with a solution containing 3 molar equivalents of GSH in pD 7.4-buffered D2O. The reaction mixture was incubated at 37 °C and the disappearing of double bond signals was monitored by 1H-NMR (Figure 7B). 1H-NMR spectra were recorded after 5 min, 30 min, 60 min, 120 min, 360 min, 24 h to follow the progress of the reaction. The time-dependent decrease in the intensity of signals referred to H1, H2, H3 of 9 (Figure 7A), and the simultaneous appearance of new signals: H1 at 5.48-5.44 ppm (9c) and H1 7.92 ppm (9d) confirmed the ability of 9 to react with biologically relevant -SH groups in Michael-type addition. 
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Figure 7. (A) Possible pathways for the reaction of 9 with glutathione (GSH). (B) Reaction of 9 with GSH (3 eq) in pD 7.4 D2O/DMSO-d6 (9/1) at 37 °C monitored by 1H-NMR at different time intervals. (C) Reaction of 9 with GSH (3 eq) in pD 7.4 D2O/DMSO-d6 (1/3) at 37 °C monitored at different time intervals. (D) 9 (a) was reacted with GSH (1 eq). After 72 h of equilibration the obtained adduct (b) was treated with NEM (10 eq) in pD 7.4 D2O/DMSO-d6 (1/3) at 37 °C. Reaction was monitored after 2 h (c) and 24 h (d) of NEM addition.

Under these conditions we identified the diastereomeric mixture of derivatives 9c as the major product, together with a little amount of the rearranged compound 9d (Figure 7A, B). Indeed, a similar behavior was previously observed studying the diterpenoid jolkinolide D.42 The difference in reaction kinetics is strongly dependent on the medium used. Running the experiment in D2O/DMSO-d6 (9/1) about 6 h were required to reach half of the initial concentration of 9, while, when the experiment was carried out in a D2O/DMSO-d6 (1/3) mixture t½ for 9 was estimated to be around 4 h (Figure 7C). This finding suggests that the properties of the microenvironment, in the surroundings of a molecular target, might influence the reactivity and consequently the biological properties of these electrophilic derivatives.
To verify the reversibility of the reaction with thiols a dynamic-equilibrium experiment was performed. A mixture of 9 and GSH (1 molar equivalent) was equilibrated for 72 h in a pD 7.4 mixture of D2O/DMSO-d6 (1/3) and the progress of the reaction was monitored by 1H-NMR. After this time 10 molar equivalents of N-ethyl maleimide (NEM), a highly reactive thiol trap, were added and 1H-NMR spectra were recorded at different intervals of time during 24 h. In these conditions no evidence of increasing of signals relative to the conjugated double bond was observed (Figure 7D). The same results were obtained upon 1:10 dilution of the reaction mixture (Figure S2). According to our data, these compounds can be assumed to act as covalent, irreversible thiol-trapping agents. The kinetics of their reactivity, together with their physico-chemical properties, might discriminate their biological action.

Assessment of the Michael acceptor activity
To determine the chemical reactivity of the electrophilic fragments in thia-Michael additions we used a 96-well-format spectrophotometric kinetic assay. We adopted a kinetic assay able to estimate the reactivity of compounds toward cysteamine (CAM), used as a model of a reactive thiol contained in proteins. In our assay the time-dependent decrease in free CAM concentration was measured through the use of 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB).43  Compounds 5, 9, 12, 18, 24, 34-36, 40 and 42, showing widely modulated anti-pyroptotic activity, were tested to verify whether different pharmacological activity was related to a different behavior as Michael acceptors. Selected compounds were mixed with an equimolar amount of CAM in pH 7.4 phosphate-buffered solution at 37 °C. The progress of the reaction was monitored adding DTNB reagent at different time points over a period of 90 min. Second-order rate constant (k2) were obtained from the second-order equation (1):

 										(1)
Where  is the reduced CAM concentration at time t, and  is the initial reduced CAM concentration. Obtained second-order rate constants are reported in table 4. 
Data analysis show that Michael acceptor reactivity of tested compounds paralleled well their anti-pyroptotic efficacy with notable exception of compound 34, whose activity is overwhelmed by an extremely high degree of cytotoxicity. In particular compounds 9 and 24, endowed with relatively high k2 values (0.866 ± 0.006-0.777 ± 0.005 M-1 s-1), showed high anti-pyroptotic activity. This activity was significantly higher than that showed by slow reacting electrophiles 36, 42, 35 (k2 values 0.126 ± 0.005-0.117 ± 0.006 M-1 s-1). Finally, compounds 40, 12 and 18, endowed with intermediate k2 values (0.588 ± 0.043-0.423 ± 0.025 M-1 s-1), behave accordingly as mild anti-pyroptotic agents with the partial exception of compound 18 which, in spite of a fair electrophilic behavior, showed a poor ability to prevent pyroptotic cell death. Subgroup analysis allowed further reactivity-activity correlation. Comparison of R1-modulated compounds  9, 24, 35 and 36 evidenced that strong electron withdrawing ester and cyano groups conferred higher electrophilicity and pharmacological activity to compounds 9, 24 with respect to carboxy- and carboxyamido-substituted compounds 35 and 36 (Table 4). When we compare ester derivatives 9, 12, 18, modulated in W position, again their activity increase with increasing reactivity, ranking the order 18 < 12 < 9 (Table 4). Finally, comparison of R2-substituted compounds confirmed this trend, the order of anti-pyroptotic efficacy being in keeping with the ranked reactivity 9 > 40 > 42 (Table 4). Finally, reference 5 proved the most reactive agent of the series as well as the best anti-pyroptotic compound. 
 These data indicate that the use of kinetic CAM chemoassay might help to predict the anti-pyroptotic activity of acrylate-derived electrophiles. 

Insert table 4

Effects of compounds 5, 9, 24, 35 and 42 on caspase-1, NLRP3 ATPase activity and Keap1-Nrf2 activation.  Pyroptotic cascade involves a number of interacting proteins and NLRP3 and capase-1 play crucial roles in the execution of this cascade.3,4 Interestingly, NLRP3 and caspase-1 possess 45 and 12 Cys residues, respectively. Alkylation of the Cys285 of caspase-1 has been demonstrated to mediate the inhibitory effects of 5 on this protease.29 More recently, 6 has been demonstrated to bind to NLRP3.30 On these bases caspase-1 and NLRP3 have been considered as potential targets relating to the anti-pyroptotic activity of the synthetized compounds. To investigate the mode of action of the synthesized warheads, we checked the effects of representative compounds 5, 9, 24, 35, and 42, selected on the basis of their distinct chemical structures and anti-pyroptotic efficacy, on caspase-1 and NLRP3 ATPase activity. Compared to vehicle alone, caspase-1 activity, measured as the rate of liberation of the para-nitroanilide from the caspase-1 labeled substrate N-acetyl-Tyr-Val-Ala-Asp-para-nitroanilide (Ac-YVAD-pNA), was decreased by these compounds at 10 μM concentration (Figure S3). The magnitude of the inhibitory effects was in the range 25.4 ± 3.2% (42)-36.2 ± 4.1% (24) with no significant difference among them (Figure 8). Significant differences were determined when the inhibition of the NLRP3 ATPase activity was measured (Figure 8). In particular, compared to 5 (25.9 ± 9.1%), a significantly more pronounced inhibition was exerted by 9 (51.8 ± 10.6%; p < 0.05), 24 (80.5 ± 9.6%; p < 0.01) and 35 (80.2 ± 1.4%; p < 0.01), while comparable effects were exerted by 42 (23.3 ± 23.3%). It is noteworthy that the inhibition of caspase-1 and NLRP3 ATPase activity does not strictly correlate with the anti-pyroptotic effects exerted by these compounds (see Table 2). These findings, together with our results on the pyroptosis triggered by nigericin and ATP, and the published data on the complexity of the NLRP3 inflammasome regulatory circuits,15, 27 suggest that the combination of multiple actions on different targets should be considered to explain the pharmacological efficacy of these compounds. 
Activation of the Keap1-Nrf2 pathway plays a major role in cellular defense against oxidants and electrophiles. Under normal conditions, Keap1 (Kelch-like ECH-associated protein 1) binds to Nrf2 (NF-E2-related factor 2) in the cytoplasm and promotes the ubiquitination of Nrf2. Subsequently, Nrf2 protein is degraded by the proteasome. Keap1 possesses 27 Cys residues, a subset of which (Cys151, Cys273 and Cys288) are known to be reactive toward electrophiles. 
When Nrf2 inducers inactivate Keap1 via the modification of Cys residues, Nrf2 is stabilized, and de novo synthesized Nrf2 translocates into the nucleus. Nrf2 heterodimerizes with small Maf proteins (musculoaponeurotic fibrosarcoma protein) and activates target genes through antioxidant response elements, exerting cytoprotective effects against various toxic insults.44 
To evaluate whether the synthesized compounds activate the Keap1-Nrf2 pathway, THP-1 cells were exposed (1-4 h) to compound 9 (10 μM; here adopted as model compound) and the expression level of marker genes encoding for Nrf2 (NFE2L2) and heme oxygenase-1 (HMOX1) was evaluated by RT-PCR analysis. As shown in Figure S4, the expression of these genes was significantly (p < 0.01) increased by compound 9, thus indicating that Keap1-Nrf2 pathway is indeed activated by this electrophilic compound. However, an exposure time longer than 2 h (time-interval used to evaluate the anti-pyroptotic effect) was required to measure significant responses. Therefore, these results indicate that activation of Keap1-Nrf2 does not contribute to the anti-pyroptotic effects of this class of compounds. 
Taken together these results suggest that a complex mechanism should be considered to explain their mechanism of action. It is reasonable that additional proteins related to the NLRP3 inflammasome activation might be targeted by these compounds. 
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Figure 8. Effects of synthesized compounds on caspase-1 (white bar) and NLRP3 ATPase activity (black bar). Reactions were carried out in 96-well plates in 100 μl-final volume at 37 °C. For the caspase-1 activity, enzyme from THP-1 cell cultures (50 U) was pre-incubated (15 min) with the representative compounds (10 μM) in the reaction buffer. Reaction rate was determined by monitoring continuously liberation of the chromophore pNA from the caspase-1 labeled substrate Ac-YVAD-pNA (200 μM; 1 h) at 405 nm. For the NLRP3 ATPase assay, recombinant NLRP3 (0.01 μg) was pre-incubated with the same compounds (10 μM) for 15 min. ATP (250 μM) was added and the reaction mixtures were further incubated for 1 h at 37 °C. The hydrolysis of ATP by NLRP3 was determined by measuring Pi content in the reaction mixtures with Pi ColorLock Gold phosphate detection system. Data are expressed as percentage on inhibition of enzymatic activity vs. vehicle alone and are the mean±SEM of at least three experiments run in duplicate. *p < 0.05, **p < 0.01 vs 5.

[bookmark: _Toc368925344]Time-dependency of the effects of 5 and 9 on caspase-1 activity The above findings suggest that the assessed compounds could act as irreversible inhibitors through a time-dependent covalent addition to the thiol group of catalytic/regulatory cysteine residues in molecular targets. Therefore, the time-dependency of the inhibition of caspase-1 activity by 5 and 9 was studied. Enzyme was pre-incubated for (15-60 min) with increasing concentration (0.01-10 μM) of either 5 or 9, then caspase-1 activity was measured. The kinetic constants for the irreversible first-order reaction, kinact, and the dissociation constants for compound binding to free enzyme, Ki = (k-1 / k1), were obtained from the observed rate constant for inhibition, kobs, at each concentration (Figure 9). Both compounds inhibited caspase-1 activity in a concentration- and time-dependent manner with kinact of 3.2 ± 1.1 s-1 (9), 4.0 ± 0.6 s-1 (5) and Ki of 9.6 ± 3.3 μM (9) and 10.6 ± 1.6 μM (5).

[image: ]
Figure 9. Time-dependency of the inhibition of caspase-1 activity by 5 and 9. Enzyme from THP-1 cell cultures (50 U) was pre-incubated for (15-60 min) with increasing concentration (0.01-10 μM) of either 5 () or 9 (), then caspase-1 activity was measured by monitoring continuously liberation of the chromophore pNA from the caspase-1 labeled substrate Ac-YVAD-pNA (200 μM; 1 h) at λ= 405 nm. The kinetic constants for the irreversible first-order reaction, kinact, and the dissociation constants for compound binding to free enzyme, Ki = (k-1 / k1), were obtained from the observed rate constant for inhibition, kobs, at each concentration.
 
CONCLUSIONS
Using an electrophilic fragment-based strategy, a focused library of thirty-six ,-unsaturated carbonyl- or cyano-derivatives (7-42) was designed and prepared. Our studies showed that the biological activity of this series of compounds is dependent on their reactivity as Michael acceptors. Moreover, the pharmacological evaluation and the devised SAR showed that their anti-pyroptotic activity and cytotoxicity can be finely modulated through suitable choice of the substitution pattern. 
Compounds 9, 15, 16 proved interesting anti-pyroptotic agents endowed with an overall more favorable pharmacological profile with respect to 5, with 9 emerging as a promising lead amenable of further chemical development. Mechanistically we demonstrated the ability of 9, and of other selected compounds of the series (24, 35), to inhibit NLRP3 ATPase and caspase-1 activities; the lack of a direct correlation between the extent of the inhibition and the anti-pyroptotic activity suggest that additional proteins related to the NLRP3 inflammasome activation might be targeted by these compounds. A network-based model involving not only multiple targets, but also synergistic interactions among these targets should be considered to explain the anti-pyroptotic activity of these compounds.
Chemoproteomic studies with 9, used as a probe, are in progress to identify its cellular targets, results will allow further pharmaco-chemical modulation. 

EXPERIMENTAL SECTION
[bookmark: _Toc368925345]General methods. All the reactions were monitored by TLC on Merck 60 F254 (0.25 mm) plates, which were visualized by UV inspection and/or by spraying KMnO4 (0.5g in 100 ml 0.1 N NaOH). Flash chromatography (FC) purifications were performed using silica gel Fluka with 60 mesh particles. 1H and 13C-NMR spectra were registered on Bruker Avance 300 spectrometer, at 300 and 75 MHz respectively. Chemical shifts (δ) are given in ppm, calibrated to tetramethylsilane (TMS) as internal standard. Low-resolution mass spectra were recorded on a Finnigan-MAT TSQ700 in chemical ionization mode (CI) using isobutane. GC-MS analyses were carried out on a Agilent Technologies 6850 Network GC System gas-chromatograph with 5973 Network Mass Selective Detector. ESI-mass spectra were recorded on a Waters Micromass ZQ equipped with n ESI source. Melting points were measured with a capillary apparatus (Büchi 540). Purity of compounds was checked by UPLC (PerkinElmer) Flexar 15, equipped with UV-Vis diode array detector using a Acquity UPLC CSH Phenyl-Hexyl 1.7 µm 2.1×50 mm column (Waters) and H2O/CH3CN and H2O/CH3OH solvent systems. Detection was performed at λ= 200, 215 and 254 nm. The analytical data confirmed that the purity of the products was 95%. Reference compound 5 was from Enzo Biochem, Farmingdale, NY, USA.
General procedure for the preparation of compounds 7, 8, 22, 23. To a stirred solution of aldehyde (1 mmol) in 1,4-dioxane (4.5 mL), activated olefin (3 mmol) and water (4.5 mL) were added. DABCO (112 mg, 1 mmol) was then added to the mixture and the reaction was allowed to stir at room temperature until TLC showed complete or stable consumption of the aldehyde (2 h-3 weeks). The mixture was diluted with CH2Cl2 (3 × 25 mL) and washed with water (25 mL), brine (30 mL), dried (Na2SO4) and the solvent evaporated under reduced pressure. The residue was purified by FC as indicated. Characterization data for literature compound 7,45 8,46 22,47 2348 are reported in Supporting Information.
Ethyl 2-(hydroxy(pyridin-2-yl)methyl)acrylate (7). The product was obtained using 2-pyridinecarboxyaldehyde and ethyl acrylate in 2 h. The crude product was purified by FC eluting with PE/EtOAc from 9/1 to 1/1 to afford 7 as a yellowish oil (0.48 mmol, 99.5 mg, 48% yield). 
Ethyl 2-(hydroxy(2-nitrophenyl)methyl)acrylate (8). The product was obtained using 2-nitrobenzaldehyde and ethyl acrylate in 72 h. The crude product was purified by FC eluting with PE/EtOAc from 9/1 to 7/3 to afford 8 as a yellowish oil (0.60 mmol, 150.7 mg, 60% yield). 
2-(Hydroxy(pyridin-2-yl)methyl)acrylonitrile (22). The product was obtained using 2-pyridinecarboxyaldehyde and acrylonitrile in 20 h. The crude product was purified by FC eluting with PE/EtOAc 6/4 to afford 22 as a yellowish oil (0.70 mmol, 112.1 mg, 70% yield). 
2-(Hydroxy(2-nitrophenyl)methyl) acrylonitrile (23). The product was obtained using 2-nitrobenzaldehyde and acrylonitrile after 24 h. The crude product was purified by FC eluting with PE/EtOAc 7/3 to afford 23 as a yellowish oil (0.44 mmol, 89.8 mg, 44% yield). 
General procedure for the preparation of compounds 24 and 26-30. To a stirred solution of appropriate aldehyde (1 mmol) in THF (2 mL), acrylonitrile (197 μL, 3 mmol,), MeOH (2 mL) and water (4 mL) were added. DABCO (112 mg, 1 mmol) was then added to the mixture and the reaction was allowed to stir at room temperature until TLC showed complete or stable consumption of the aldehyde (23-166 h). The mixture was diluted with CH2Cl2 (3 × 25 mL) and washed with water (25 mL), brine (30 mL), dried (Na2SO4), and the solvent evaporated under reduced pressure. The crude product was purified by FC as indicated. Characterization data for literature compounds 24, 27, 30,48 26,49 28,50 are reported in Supporting Information.
2-((2-Chlorophenyl)(hydroxy)methyl)acrylonitrile (24). The product was obtained using 2-chlorobenzaldehyde in 23 h. The crude product was purified by FC eluting with PE/EtOAc 8/2 to afford 24 as an off-white solid (0.97 mmol, 187.8 mg, 97% yield). 
2-((2-Bromophenyl)(hydroxy)methyl)acrylonitrile (26). The product was obtained using 2-bromobenzaldehyde in 7d of reaction. The crude product was purified by FC eluting with PE/EtOAc 9/1 to afford 26 as an off-white solid (0.96 mmol, 228.6 mg, 96% yield). 
2-(Hydroxy(phenyl)methyl)acrylonitrile (27). The product was obtained using benzaldehyde in 7d. The crude product was purified by FC eluting with PE/EtOAc from 9.5/0.5 to 8/2 to afford 27 as a colorless oil (0.69 mmol, 109.8 mg, 69% yield). 
2-(Hydroxy(naphthalen-1-yl)methyl) acrylonitrile (28). The product was obtained using 1-naphthaldehyde in 7 d. The crude product was purified by FC eluting with PE/EtOAc from 9/1 to 8/2 to afford 28 as a yellowish oil (0.72 mmol, 150.7 mg, 72% yield). 
2-((2,6-dichlorophenyl)(hydroxy)methyl)acrylonitrile (29). The product was obtained using 2,6-dichlorobenzaldehyde in 66 h. The crude product was purified by FC eluting with PE/EtOAc from 9.5/0.5 to 8/2 to afford 29 as a colorless oil (0.21 mmol, 47.9 mg, 21% yield). MS/CI (isobutane): [M-H]+ 228; 1H NMR (CDCl3): δ, 7.387.23 (m, 3H, ArH), 6.16 (s, 1H, C=CH), 6.12 (s, 1H, C=CH), 6.06 (s, 1H, CH), 3.30 (br,1H, OH); 13C NMR (CDCl3): δ, 135.5, 133.8, 131.2, 131.1, 131.0, 124.1, 116.9, 70.7. 
2-((2,4-dichlorophenyl)(hydroxy)methyl)acrylonitrile (30). The product was obtained using 2,4-dichlorobenzaldehyde in 68 h. The crude product was purified by FC eluting with PE/EtOAc from 9.9/0.1 to 7/3 to afford 30 as a yellowish oil (0.37 mmol, 84.4 mg, 37% yield). 
General procedure for the preparation of compounds 9-19 and 25. To a stirred solution of appropriate aldehyde (1 mmol) in CH3CN (2.7 mL), activated olefin (3 mmol) and water (0.3 mL) were added. DABCO (112 mg, 1 mmol) was then added to the mixture and the reaction was allowed to stir at room temperature for 7 d. The mixture was diluted with CH2Cl2 (25 mL) and washed with 1N HCl (3 × 25 mL), brine (30 mL), dried (Na2SO4) and the solvent evaporated under reduced pressure. The residue was purified by FC as indicated. Characterization data for literature compounds 9, 16,48 11,49 14,46 18,40  10, 12, 1951 are reported in Supporting Information.
Ethyl 2-((2-chlorophenyl)(hydroxy)methyl)acrylate (9). The product was obtained using 2-chlorobenzaldehyde and ethyl acrylate. The crude product was purified by FC eluting with PE/EtOAc 9/1 to afford 9 as a colorless oil (0.67 mmol, 161.3 mg, 67% yield). 
Ethyl 2-((2-fluorophenyl)(hydroxy)methyl)acrylate (10). The product was obtained using 2-fluorobenzaldehyde and ethyl acrylate. The crude product was purified by FC eluting with PE/EtOAc 9/1 to afford 10 as a yellowish oil (0.71 mmol, 159.2 mg, 71% yield). 
Ethyl 2-((2-bromophenyl)(hydroxy)methyl)acrylate (11). The product was obtained using 2-bromobenzaldehyde and ethyl acrylate. The crude product was purified by FC eluting with PE/EtOAc 9/1 to afford 11 as a colorless oil (0.96 mmol, 273.7 mg, 96% yield). 
Ethyl 2-((phenyl)(hydroxy)methyl)acrylate (12). The product was obtained using benzaldehyde and ethyl acrylate. The crude product was purified by FC eluting with PE/EtOAc 9/1 to afford 12 as a colorless oil (0.45 mmol, 92.8 mg, 45% yield). 
Ethyl 2-((3-chlorophenyl)(hydroxy)methyl) acrylate (13). The product was obtained using 3-chlorobenzaldehyde and ethyl acrylate. The crude product was purified by FC eluting with PE/EtOAc 9/1 to afford 13 as a colorless oil (0.67 mmol, 161.3 mg, 67% yield). MS/CI (isobutane): [M-H]+ 241; 1H NMR (CDCl3): δ, 7.41 (s, 2H, ArH), 7.367.21 (m, 2H, ArH), 6.40 (s, 1H, C=CH), 5.91 (s, 1H, C=CH), 5.53 (d, 1H, J=5.4 Hz, CH), 4.20 (q, 2H, J= 7.1 Hz), 3.66 (d, 1H, J= 5.6 Hz, OH), 1.29 (t, 3H, J= 7.1 Hz); 13C NMR (CDCl3): δ, 166.4, 143.8, 141.9, 134.5, 129.9, 128.2, 127.0, 126.6, 125.1, 72.9, 61.4, 14.3. 
Ethyl 2-((4-chlorophenyl)(hydroxy)methyl)acrylate (14). The product was obtained using 4-chlorobenzaldehyde and ethyl acrylate. The crude product was purified by FC eluting with PE/EtOAc 9/1 to afford 14 as a colorless oil (0.38 mmol, 91.5 mg, 38% yield). 
Ethyl 2-((2,6-dichlorophenyl)(hydroxy)methyl)acrylate (15). The product was obtained using 2,6-dichlorobenzaldehyde and ethyl acrylate. The crude product was purified by FC eluting with PE/EtOAc 9/1 to afford 15 as a white solid (0.36 mmol, 99.0 mg, 36% yield). Mp: 71.672.1 °C, GC-MS: [M]+ 274, r.t.: 26.3 min; 1H NMR (CDCl3): δ, 7.327.24 (m, 2H, ArH), 7.14 (dd, 1H, J= 8.7, 7.3 Hz, ArH), 6.41 (d, 1H, J= 1.1 Hz, C=CH), 6.30 (s, 1H, CH), 5.86 (d, 1H, J= 1.1 Hz, C=CH), 4.12 (q, 2H, J= 8.6 Hz, OCH2), 3.73 (s, 1H, OH), 1.23 (t, 3H, J= 8.6 Hz, CH3); 13C NMR (CDCl3): δ, 166.0, 139.7, 135.6, 129.4, 128.9, 126.4, 69.7, 61.3, 53.6, 13.9. 
Ethyl 2-((2,4-dichlorophenyl)(hydroxy)methyl)acrylate (16). The product was obtained using 2,4-dichlorobenzaldehyde and ethyl acrylate. The crude product was purified by FC eluting with PE/EtOAc 9/1 to afford 16 as a colorless oil (0.47 mmol, 129.3 mg, 47% yield). 
Ethyl 2-((3,5-dichlorophenyl)(hydroxy)methyl)acrylate (17). The product was obtained using 3,5-dichlorobenzaldehyde and ethyl acrylate. The crude product was purified by FC eluting with PE/EtOAC 9.5/0.5 to afford 17 as a colorless oil (0.33 mmol, 90.8 mg, 33% yield). MS/CI (isobutane): [M-H]+ 275; 1H NMR (CDCl3): δ, 7.26 (s, 3H, ArH), 6.38 (s, 1H, C=CH), 5.86 (s, 1H, C=CH), 5.45 (s, 1H, CH), 4.19 (q, 2H, J= 7.1 Hz, OCH2), 3.46 (s, br, 1H, OH), 1.24 (t, 3H, J= 7.1 Hz, CH3). 13C NMR (CDCl3) δ 166.0, 144.9, 141.5, 134.9, 127.8, 127.2, 125, 72.4, 61.3, 14.2. 
Ethyl 2-((hydroxy)(2-methoxyphenyl)methyl) acrylate (18). The product was obtained using 2-methoxybenzaldehyde and ethyl acrylate. The crude product was purified by FC eluting with PE/EtOAc 9/1 to afford 18 as a colorless oil (0.07 mmol, 16.5 mg, 7% yield). 
Ethyl 2-((hydroxy)(o-tolyl)methyl)acrylate (19). The product was obtained using neat 2-tolualdehyde and ethyl acrylate. The crude product was purified by FC eluting with PE/EtOAc 9/1 to afford 19 as a colorless oil (0.28 mmol, 61.7 mg, 28% yield). 
2-((2-fluorophenyl)(hydroxy)methyl)acrylonitrile (25). The product was obtained using 2-fluorobenzaldehyde and acrylonitrile. The crude product was purified by FC eluting with PE/EtOAc 9/1 to afford 25 as a colorless oil (0.85 mmol, 150.6 mg, 85% yield). MS/CI (isobutane): [M-H]+ 178; 1H NMR (CDCl3): δ, 7.51-7.39 (m, 2H, ArH), 7.14-6.93 (m, 2H, ArH), 6.01 (s, 1H, C=CH), 5.93 (s, 1H, C=CH), 5.52 (s, 1H, C=CH), 3.97 (s, 1H, OH); 13C NMR (CDCl3): δ, 161.5, 158.2, 130.6, 127.7, 126.3, 124.8, 116.6, 115.6, 67.9. 
Ethyl 3-hydroxy-2-methylenebutanoate (20). In a closed vessel, to a stirred solution of acetaldehyde (56 μL, 1 mmol) in CH3CN (2.7 mL), ethyl acrylate (325 μL, 3 mmol) and water (0.3 mL) were added. DABCO (112 mg, 1 mmol) was then added to the mixture and the reaction was allowed to stir at room temperature overnight. The mixture was diluted with CH2Cl2 (20 mL), washed with 1N HCl (3 × 20 mL), water (20 mL), dried (Na2SO4), and the solvent evaporated under reduced pressure to give 2050 as a colorless oil (0.28 mmol, 40.4 mg, 28%). Characterization data are reported in Supporting Information.
Ethyl 2-(cyclohexyl(hydroxy)methyl)acrylate (21). To a stirred solution of cyclohexanecarboxaldehyde (121 μL, 1 mmol) in formamide (0.2 mL), ethyl acrylate (130 μL, 1 mmol) and DABCO (112 mg, 1 mmol) were added and the reaction was allowed to stir at room temperature under nitrogen for 69 h. The mixture was diluted with Et2O (25 mL), washed with 1N HCl (25 mL), water (20 mL), dried (Na2SO4) and the solvent evaporated under reduced pressure. The residue was purified by FC eluting with PE/EtOAc 9.5/0.5 to obtain 21 as a colorless oil (0.33 mmol, 70.1 mg, 33% yield). GC-MS: [M]+ 212, r.t.: 22.6 min; 1H NMR (CDCl3): δ, 6.25 (s, 1H, C=CH), 5.72 (s, 1H, C=CH), 4.24 (q, 2H, J= 7.1 Hz, OCH2), 4.05 (d, 1H, J= 7.2 Hz. CH), 2.64 (br, 1H, OH), 1.98 (d, 1H, J= 13.0 Hz, cy-CH), 1.88146 (m, 6H, H cy), 1.33 (t, 3H, J= 7.1 Hz, CH3), 1.26-0.86 (m, 4H, H cy); 13C NMR (CDCl3): δ, 166.7, 141.6, 125.7, 76.6, 60.7, 42.5, 29.9, 28.1, 26.3, 26.1, 25.9, 14.1. 
General procedure for the preparation of compounds 31-33. To a stirred solution of aldehyde (1 mmol) in CH3CN (2.7 mL), activated olefin (3 mmol) and water (0.3 mL) were added. DMAP (122 mg, 1 mmol) was then added to the mixture and the reaction was allowed to stir at room temperature for 7 days. The mixture was diluted with CH2Cl2 (25 mL), washed with 1N HCl (3 × 25 mL), brine (30 mL), dried (Na2SO4) and the solvent evaporated under reduced pressure. The residue was purified by FC eluting with PE/EtOAc 9/1 to obtain the desired products.
2-((2-Chlorophenyl)(3-ethoxy-3-oxopropoxy)methyl)acrylate (31). The product (0.04 mmol, 13.6 mg, 4%) was obtained using 2-chlorobenzaldehyde and ethyl acrylate as a colorless oil. GC-MS: [M]+ 340, r.t.: 24.4 min; 1H NMR (CDCl3): δ, 7.477.06 (m, 4H, ArH), 6.38 (s, 1H, C=CH), 5.71 (s, 1H, CH), 5.68 (s, 1H, C=CH), 4.31-3.97 (m, 4H, 2OCH2), 3.923.61 (m, 2H, CH2), 2.60 (t, J= 6.4 Hz, 2H, CH2), 1.27-1.21 (m, 6H, 2CH3); 13C NMR (CDCl3): δ, 171.4, 165.7, 140.1, 137.4, 133.9, 129.5, 129.1, 128.6, 126.9, 126.5, 75.8, 65.4, 60.8, 60.5, 35.2, 14.2, 14.1.
2-((2,6-Dichlorophenyl)(3-ethoxy-3-oxopropoxy)methyl)acrylate (32). The product (0.11 mmol, 41.3 mg, 11% yield) was obtained using 2,6-dichlorobenzaldehyde and ethyl acrylate. As a colorless oil. GC-MS: [M]+ 374, r.t.: 30.1 min; 1H NMR (CDCl3): δ, 7.517.21 (m, 2H, ArH), 7.16 (dd, 1H, J= 8.7, 7.2 Hz,  ArH), 6.47 (d, 1H,  J= 1.2 Hz, C=CH), 6.04 (s, 1H, CH), 6.01 (d, 1H, J= 1.2 Hz, C=CH), 4.324.01 (m, 4H, 2 CH2) , 3.85-3.67 (m, 2H, CH2), 2.60 (t, J= 6.4 Hz, 2H, CH2), 1.23 (t, 3H, J= 7.1 Hz, CH3), 1.18 (t, 3H, J=7.1 Hz CH3); 13C NMR (CDCl3): δ, 171.4, 165.5, 137.6, 136.6, 133.4, 129.5, 129.3, 127.6, 76.1, 65.0, 60.7, 60.5, 35.3, 14.2, 14.0. 
2-((2,4-Dichlorophenyl)(3-ethoxy-3-oxopropoxy)methyl)acrylate (33). The product (0.16 mmol, 60.0 mg, 16% yield) was obtained using 2,4-dichlorobenzaldehyde and ethyl acrylate as a colorless oil. GC-MS: [M]+ 374, r.t.: 30.1 min; 1H NMR (CDCl3): δ, 7.39-7.23 (m, 3H, ArH), 6.39 (s, 1H, C=CH), 5.72 (s, 1H, CH), 5.65 (s, 1H, C=CH), 4.23-4.07 (m, 4H, 2CH2), 3.973.47 (m, 2H, CH2), 2.59 (t, 2H, J= 6.3 Hz, CH2), 1.27-1.21 (m, 6H, 2CH3); 13C NMR (CDCl3): δ, 171.3, 165.5, 139.7, 135.8, 134.6, 134.2, 129.6, 129.3, 127.3, 126.6, 75.4, 65.4, 61.2, 60.5, 35.1, 14.2, 14.0. 
2-((2-chlorophenyl)(hydroxy)methyl)pent-1-en-3-one (34). To a stirred solution of 2-chlorobenzaldehyde (113 µL, 1 mmol,) in DMF (900 µL) and water (100 µL), ethyl vinyl ketone (294 µL, 3 mmol), rac-proline (12.1 mg, 0.1 mmol) and NaHCO3 (21 mg, 0.25 mmol) were added. The solution was allowed to stir for 5 days at room temperature. The mixture was diluted with water (20 mL) and extracted with CH2Cl2 (3 × 25 mL). The combined organic layers were dried (Na2SO4) and the solvent evaporated under reduced pressure. The product was purified by FC eluting with PE/EtOAc (9/1) to afford 34 as a colorless oil (0.30 mmol, 67.4 mg, 30% yield). MS/CI (isobutane): [M-H]+ 225; 1H NMR (CDCl3): δ, 7.577.17 (m, 4H, ArH), 6.16 (d, 1H, J= 0.7 Hz, C=CH), 5.98 (d, 1H, J= 4.4 Hz,  CH), 5.63 (d, 1H, J= 0.7 Hz, C=CH), 3.56 (d, 1H, J= 4.6 Hz, OH), 2.77 (q, 2H, J=7.3 Hz, OCH2), 1.11 (t, 3H, J= 7.3 Hz, CH3); 13C NMR (CDCl3): δ, 203.1, 148.2, 138.8, 132.5, 129.4, 129.3, 128.0, 126.9, 125.9, 68.8, 31.4, 8.1. 
2-((2-Chlorophenyl)(hydroxy)methyl)acrylic acid (35). To a stirred solution of 9 (1.5 g, 6 mmol) in MeOH (3mL) an aqueous KOH 0.9 M solution (8.7 mL) was added. The mixture was allowed to stir at room temperature overnight. The mixture was diluted with water (20 mL) and extracted with CH2Cl2 (3 × 20 mL), washed with brine (20 mL), dried (Na2SO4) and the solvent evaporated under reduced pressure. The product was purified by FC eluting with CH2Cl2/MeOH 9.5/0.5 to obtain 35 as a white solid (4.44 mmol, 944.1 mg, 74% yield). Mp: 81.6-83.4°C; 1H NMR (DMSO-d6): δ, 12.44 (br, 1H, COOH), 7.70-7.00 (m, 4H, ArH), 6.21 (s, 1H, C=CH), 5.80 (s, 1H, CH), 5.64 (s, 1H, C=CH), 3.44 (br, 1H, OH); 13C NMR (DMSO-d6): δ, 167.8, 144.4, 141.2, 133.2, 130.0, 129.7, 129.2, 127.9, 125.3, 67.9. 
2-((2-Chlorophenyl)(hydroxy)methyl)-N-propylacrylamide (36). To a stirred solution of 35 (0.17 g, 0.8 mmol) in a 2/5 CH2Cl2/DMF mixture (7 mL), HBTU (455 mg, 1.2 mmol), HOBt (160 mg, 0.12 mmol) and DIPEA (155 mg, 1.2 mmol) were successively added. n-Propylamine (71 mg, 1.2 mmol) was then added and the reaction mixture was allowed to stir at room temperature overnight. The mixture was diluted with 10% NaHCO3 aqueous solution, extracted with CH2Cl2 (3 × 20 mL) and washed with brine (20 mL). The organic layers were combined, dried (Na2SO4) and the solvent evaporated under reduced pressure. The product was purified by FC eluting with PE/EtOAc/MeOH 9/0.8/0.2 to afford 36 as a white solid (0.52 mmol, 131.9 mg, 65% yield). Mp: 82.1-83.5°C; MS/CI (isobutane): [M-H]+ 254; 1H NMR (CDCl3) δ, 7.64 (d, 1H,  J = 7.8 Hz, ArH), 7.40–7.07 (m, 3H, ArH), 6.24 (s, 1H, NH), 5.82 (d, 1H,  J = 4.9 Hz, CH), 5.70 (s, 1H, C=CH), 5.26 (s, 1H, C=CH), 4.81 (d, 1H, J = 5.1 Hz, OH), 3.323.18 (m, 2H, CH2), 1.60–1.41 (m, 2H, CH2), 0.87 (t, 3H, J = 7.4 Hz, CH3); 13C NMR (CDCl3): δ, 162.3, 151.2, 139.1, 137.2, 136.1, 131.2, 130.4, 129.4, 128.5, 128.2, 41.2, 22.8, 11.5. 
Preparation of compounds 37, 38. To a stirred solution of MgI2 (1.33 g, 4.8 mmol) in dry CH2Cl2 (19 mL) at 0 °C, a solution of ethyl propiolate (490 μL, 4.8 mmol) in dry CH2Cl2 (10 mL) was added dropwise followed by a solution of 2-chlorobenzaldehyde (0.56 g, 4.0 mmol) in dry CH2Cl2 (5 mL). The reaction was allowed to stir at room temperature overnight, after this time the mixture was treated with 10% Na2S2O3 soln. (20 mL). The mixture was then extracted with CH2Cl2 (25 mL), washed with H2O (3 × 20 mL) and purified by FC eluting with CH2Cl2/PE 6/4. (E)-Ethyl 2-((2-chlorophenyl)(hydroxy)methyl)-3-iodoacrylate (37). Yellowish oil (0.92 mmol, 337.3 mg, 23% yield). MS/CI (isobutane): [M-H]+ 367; 1H NMR (CDCl3): δ, 8.10 (s, 1H, C=CH), 7.56 (dd, 1H, J= 8.54, 10.56 Hz, ArH), 7.41-7.18 (m, 3H, ArH), 5.92 (s, 1H, CH), 4.18 (q, 2H, J= 7.1 Hz, OCH2), 3.53 (br, 1H, OH), 1.24 (t, 3H, J= 7.1 Hz, CH3); 13C NMR (CDCl3): δ 165.9, 143.8, 137.4, 132.7, 129.5, 129.4, 128.1, 127.1, 87.5, 71.9, 61.5, 13.9. (Z)-Ethyl 2-((2-chlorophenyl)(hydroxy)methyl)-3-iodoacrylate (38). Pale-orange oil (2.68 mmol, 982.4 mg, 67% yield). MS/CI (isobutane): [M-H]+ 367; 1H NMR (CDCl3): δ, 7.49 (d, 1H, J= 7.0 Hz, ArH), 7.437.21 (m, 3H, ArH), 7.16 (s, 1H, C=CH), 4.25 (q, J= 7.2 Hz, 2H, OCH2), 2.47 (br, 1H, CH), 3.53 (s, 1H, OH), 1.26 (t, 3H, CH3); 13C NMR (CDCl3): δ 163.9, 141.6, 138.0, 133.3, 129.6, 129.0, 128.3, 126.6, 101.7, 74.3, 61.8, 14.0. 
Preparation of compounds 39 and 40. To a stirred mixture of compounds 37 and 38 (98 mg, 0.127 mmol) in DME/H2O 1/1 kept under nitrogen at room temperature, Cs2CO3 (261mg, 0.8 mmol), phenyl boronic acid (36 mg, 0.297 mmol) and Pd(OAc)2 (6 mg, 0.027 mmol) were successively added. The reaction was allowed to stir for 24 h at room temperature, then the mixture was diluted with EtOAc (10 mL), washed with water (10 mL), dried (Na2SO4) and the organic solvent evaporated under reduced pressure. The crude mixture was purified by FC eluting with PE/EtOAc from 9.5/0.5 to 9/1 to afford compound 39 (0.06 mmol, 19.3 mg, 48% yield) as the first eluting isomer and compound 40 (0.05 mmol, 17.7 mg, 44% yield). (E)-Ethyl 2-((2-chlorophenyl)(hydroxy)methyl)-3-phenylacrylate (39). MS/CI (isobutane): [M-H]+ 317; 1H NMR (CDCl3): δ, 7.84 (s, 1H, C=CH), 7.61 (d, 1H, J= 7.6 Hz, ArH), 7.38 (s, 5H, ArH), 7.337.13 (m, 3H, ArH), 6.00 (s, 1H, CH), 4.22 (q, 2H, J= 7.1 Hz, OCH2), 3.10 (s, br, 1H, OH), 1.29 (t, 3H, J= 7.1 Hz, CH3); 13C NMR (CDCl3): δ, 168.0, 142.2, 139.3, 134.6, 133.1, 130.9, 129.7, 129.3, 129.1, 128.7, 128.6, 128.3, 126.4, 68.4, 61.2, 14.1. (Z)-Ethyl 2-((2-chlorophenyl)(hydroxy)methyl)-3-phenylacrylate (40). MS/CI (isobutane): [M-H]+ 317; 1H NMR (CDCl3): δ, 7.66 (d, 1H, J= 7.5 Hz, ArH), 7.457.19 (m, 8H, ArH), 6.85 (s, 1H, C=CH), 6.01 (d, 1H, J= 2.3 Hz, CH), 4.07 (q, 2H, J= 7.1 Hz, OCH2), 2.75 (s, br, 1H, OH), 1.27 (t, 3H, J= 7.2 Hz, CH3); 13C NMR (CDCl3): δ, 168.7, 138.2, 135.6, 135.3, 134.2, 132.8, 129.5, 129.1, 128.4, 128.3, 128.2, 128.0, 127.0, 71.9, 60.9, 13.5.
(E)-Ethyl 2-((2-chlorophenyl)(hydroxy)methyl)but-2-enoate (41). To a solution of iodoacrylate 37 (366 mg, 1 mmol), in dry THF (6 mL) kept at -40 °C, under nitrogen, a freshly prepared 0.5M solution of LiCuBr2 (400 µL, 0.2 mmol) was added via a gas-tight syringe. To the obtained mixture a 3M solution of MeMgBr in Et2O (1 mL, 3mmol) was added dropwise over 10 min at -40 °C. The reaction mixture was allowed to stir for 30 min and then quenched by dropwise addition of saturated aq. NH4Cl. The mixture was diluted with water and the solution was stirred until the aqueous phase turned deep blue (15 min). The phases were separated and the aqueous layer was further extracted with EtOAc (2 × 20 mL). The combined organic extracts were dried (Na2SO4) and concentrated under reduced pressure. The crude product was purified by FC eluting with PE/EtOAc (9/1) to afford 41 as a colorless oil (0.66 mmol, 168.1 mg, 66% yield). MS/CI (isobutane): [M-H]+ 255; 1H NMR (CDCl3): δ, 7.65 (d, 1H, J = 7.5 Hz, ArH), 7.367.14 (m, 3H, ArH), 6.97 (q, 1H, J= 7.2 Hz, C=CH), 5.93 (s, 1H, CH), 4.34 (s, 1H, OH) , 4.09 (q, 2H, J = 7.1 Hz, OCH2), 1.95 (d, 3H, J= 7.2 Hz, C=CCH3), 1.20 (t, J = 7.1 Hz, 3H, CH3); 13C NMR (CDCl3): δ 167.9, 141.5, 139.4, 133.6, 133.1, 129.8, 128.9, 128.7, 127.1, 67.9, 61.3, 15.2, 14.5. 
(Z)-ethyl 2-((2-chlorophenyl)(hydroxy)methyl)but-2-enoate (42). This compound was synthesized with the same procedure reported for 41 from iodoacrylate 38 (0.62 mmol, 157.9 mg, 62% yield). Colorless oil. MS/CI (isobutane): [M-H]+ 255; 1H NMR (CDCl3) δ, 7.53 (d, 1H, J = 7.6 Hz, ArH), 7.417.11 (m, 3H, ArH), 6.09 (q, 1H, J= 7.2 Hz, C=CH), 5.87 (s, 1H, CH), 4.18 (q, 2H, J= 7.1 Hz, OCH2), 3.41 (s, 1H, OH), 1.98 (d, 3H, J= 7.2 Hz, C=CCH3), 1.22 (t, J = 7.1 Hz, 3H, CH3); 13C NMR (CDCl3) δ 167.9, 139.7, 139.4, 133.6, 133.1, 129.8, 129.2, 128.5, 127.3, 71.5, 61.1, 16.1, 14.6. 
Ethyl 3-(2-Chlorophenyl)-3-hydroxy-2-methylpropanoate (43). To a stirred suspension of 5% Pd/C (212 mg) in EtOAc (5 mL), a solution of 9 (241 mg, 1 mmol) in EtOAc (5mL) was added. The mixture was hydrogenated (1 bar) for 10 min at room temperature. The flask was evacuated and the mixture filtered through celite. The solvent was evaporated under reduced pressure and the obtained residue was purified by FC eluting with PE/EtOAc from 9.8/0.2 to 7/3 to afford 43 as a yellowish oil (0.18 mmol, 43.7 mg, 18% yield). MS/CI (isobutane): [M-H]+ 243; 1H NMR (CDCl3): δ, 7.62 (d, 1H, J= 7.5 Hz, ArH), 7.407.12 (m, 3H, ArH), 5.52 (s, 1H, CH), 4.21 (q, 2H, J= 7.2 Hz, OCH2), 3.30 (br, 1H, OH), 3.01-2.91(m, 1H, CH), 1.29 (t, 3H, J= 7.1 Hz, CH3), 1.06 (d, 3H, J= 7.3 Hz, CH3); 13C NMR (CDCl3): δ, 176.1, 141.8, 138.6, 133.0, 128.6, 128.2, 126.8, 76.5, 60.9, 47.3, 14.7, 14.3. 
Reaction of derivative 9 with glutathione. To a solution of 9 (0.05 mmol) in DMSO-d6 (50 µL) a pD 7.4-buffered solution of GSH (0.15 mmol.) in D2O (450 µL) was added and the reaction mixture was kept at 37 °C. The course of the reaction was followed by 1H NMR at 300 MHz. DMSO-d6 signal was used as the internal standard for calibration. 1H NMR spectra were recorded after 5, 30, 60 120, 240, 360 min, and 24 h. The same experiment was repeated using DMSO-d6 (500 µL) and pD 7.4-buffered solution of GSH in D2O (167 µL) and TMS was used as internal standard for calibration. Relative amount of compounds were calculated by peak integration. Compound 9c was not isolated: ESI-MS [M-H+] 548; 1H NMR (D2O / DMSO-d6 9/1): δ, 7.64-7.32 (m, 4H, ArH), 5.48-5.44 (m, 1H, CHOH), 4.80-4.73 (m, 1H, CHCys), 4.25-3.95 (m, 2H, OCH2), 3.78-3.74 (m, 4H, CH2Gly, CH2SG), 3.33 (dd, 1H, J= 14.3, 4.2 Hz, CHGlu), 2.98 (dd, 2H, J= 14.0, 10.0 Hz, CH2Cys), 2.92-2.79 (m, 1H, CHCH2SG), 2.59-2.48 (m, 2H, CH2Glu), 2.22-2.11 (m, 2H, CH2Glu), 1.26-1.03 (m, 3H, CH3).
Reversibility of the reaction of 9 with glutathione. A solution of 9 (0.1 mmol) in DMSO-d6 (3.2 mL) was treated with pD 7.4 solution of GSH (0.1 mmol) in D2O (1.80 mL). The mixture was stirred at 37 °C monitoring the progress of the reaction by 1H NMR. After 72 h a 1H NMR spectrum was recorded. An aliquot of the mixture (500 µL) was treated with 10 molar equivalents of NEM dissolved in DMSO-d6 (180 µL). 1H NMR were recorded after 2 h and 24 h of NEM addition.
Kinetic cysteamine chemoassay. The thiol assay was performed in 96-well plates using 100 mM phosphate buffer (pH 7.4) with 500 M EDTA as the solvent system. DTNB reagent was prepared with 0.014 mmol DTNB (Sigma-Aldrich, Saint Luis, MO, USA) and 0.5 mmol sodium hydrogencarbonate dissolved in 25 mL 100 mM phosphate buffer (pH 7.2). All measurements were done in a Multilabel Plate Reader (Victor X4, Perkin Elmer, Waltham, MA, USA) at 37 °C. To perform the assay, DMSO solutions of compounds (10 mM) and water solution of cysteamine (CAM) (Sigma-Aldrich) (10 mM) were diluted in the phosphate buffer to give a concentration of 0.5 mM. An equal amount of both solutions were combined, mixed and the kinetic measurements started immediately. At various time points (over a time of 90 minutes) 150 L of DTNB reagent were added and after one minute absorption was measured at λ= 405 nm. The concentration of the remaining reduced CAM was determined via a CAM calibration curve of thiol content vs. absorbance (CAM concentration ranging from 0.03 to 0.35 mM). Rate constants of reaction between CAM and the electrophilic compounds were determined employing second-order kinetics; k2 (M-1 min-1) values were gained from the time-dependent decay of CAM concentration, , by fitting the data of individual experiments to the second order equation (1):

										(1)
For every tested compound, the reaction rate constant was determined from at least three replicates (separate experiments) taking 5-8 data points per rate plot for high and low reactive compounds, and 8-10 data points for compounds with intermediate reactivity. The associated r2 values were > 0.99.
Cell cultures. Human continuous myelomonocytic THP-1 cells were cultured in RPMI 1640 medium (Lonza, Basel, Switzerland) supplemented with fetal bovine serum (10%; Lonza), L-glutamine (2 mM; Lonza), penicillin (100 IU/mL; Lonza), and streptomycin (100 mg/mL; Lonza). Cell culture medium was replaced every 2-3 days, and the cultures were maintained at 37 °C, and 5% CO2 in a fully humidified incubator. 
Immortalized proximal tubule epithelial cell line from normal adult human kidney, were cultured in Dulbecco’s modified Eagle Medium (DMEM; Lonza) supplemented with fetal bovine serum (10%), L-glutamine (2 mM), penicillin (100 IU/mL), and streptomycin (100 mg/mL). Cell culture medium was replaced every 2-3 days, and the cultures were maintained at 37 °C, and 5% CO2 in a fully humidified incubator.
In vitro models of pyroptosis. Pyroptosis was studied as previously described.28, 40 The day before each experiment, cells were plated in 48-well culture plates (75 × 103 cells/well) and were differentiated into monocyte-like cells by treatment with PMA (50 nM; 24 h; Sigma-Aldrich). PMA-differentiated THP-1 cells were washed twice with phosphate-buffered saline (PBS) and primed with LPS (5 μg/mL; 4 h; Sigma-Aldrich) in serum-free medium. Cell death was triggered with either ATP (5 mM; 1 h; Sigma-Aldrich) or nigericin (10 μM; 1.5 h; Adipogen International, Schützenstrasse, Switzerland). Cell death was quantified by using the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega Corporation, Madison, MI, USA), based on a colorimetric measurement of LDH activity in the collected supernatants. In particular, LDH activity is measured trough a NADH-coupled enzymatic assay: 
1)	lactate + NAD+   pyruvate + NADH + H+
2)	NADH + iodonitrotetrazolium  NAD+ + formazan 
Reactions 1 and 2 are catalyzed by LDH (from the collected supernatants) and diaphorase, respectively. Formazan concentration is determined by measuring absorbance in the Victor X4 (PerkinElmer) at a λ= 490 nm. Cell death was expressed according to the manufacture’s instruction.
Cytotoxic assay. HK-2 cells were plated in 96-wells culture plates (5 × 103 cells/well) and were exposed to increasing concentrations (0.1-100 μM) of each compound. The cultures were maintained at 37 °C, and 5% CO2 in a fully humidified incubator. Cell viability was measured at 72 h by the MTT assay. This is a colorimetric assay based on the conversion of the water-soluble 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) to an insoluble purple formazan by actively respiring cells. The formazan was solubilized with DMSO and its concentration determined by measuring absorbance in the Victor X4 at a λ= 570 nm.
Measurement of caspase-1 activity. Caspase-1 activity was determined by the spectrophotometric assay as previously described by Thornberry N.A.53 with minor modifications. Enzyme were prepared from THP-1 cell cultures as described. Reactions were carried out in 96-well plates in 100 μl final volume at 37 °C by diluting enzyme (50 U) in the reaction buffer (100 mM HEPES, 10% sucrose, 0.1% CHAPS, pH 7.5, 10 mM DTT) and monitoring liberation of the chromophore pNA from the caspase-1-specific labeled substrate Ac-YVAD-pNA (200 μM; 1 h; Enzo Biochem) in the Victor X4 at a λ= 405 nm. Time-dependent inhibition of caspase-1 activity was based on a two-step model of a second-order reaction followed by an irreversible first-order reaction as described.54
Measurement of NLRP3-ATPase activity. NLRP3 ATPase activity was measured as described by He and colleagues,30 with minor modifications. Recombinant NLRP3 (0.01 µg; Abnova, Taipei, Taiwan) was incubated with the assessed compounds in the reaction buffer (150 mM NaCl, 25 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM EDTA) for 15 min. ATP (250 μM) was added and the reaction mixtures were further incubated for 1 h at 37 °C. The hydrolysis of ATP by NLRP3 was determined by Pi ColorLock Gold (Innova Bioscience, Cambridge, UK) phosphate detection system according to the instructions. 
Data analysis. Results are expressed as either mean±SEM or median (range) of n experiments. Significance was assessed with either ANOVA and Bonferroni’s post-test or Wilcoxon signed rank test, with p<0.05 as the cut-off. Concentration-response data were analyzed by sigmoidal regression model using the software OriginPro version 8.0 (Microcal Software, Northampton, MA, USA). 
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ABBREVIATIONS
Ac-YVAD-pNA, N-acetyl-Tyr-Val-Ala-Asp-para-nitroanilide; ASC, apoptosis-associated speck-like protein containing a CARD; CAM, cysteamine; CAPS, cryopirin-associate periodic syndrome; CARD, caspase recruitment domain; CHAPS, 3-[(3-Cholamidopropyl)dimethylammonio]-1- propanesulfonate; CIAS1, cold-induced autoinflammatory syndrome 1; CINCA, chronic infantile neurologic, cutaneous, articular; DMEM, Dulbecco’s modified Eagle Medium; DMSO-d6, hexadeuterodimethyl sulfoxide; DTNB, 5,5′-dithiobis-(2-nitrobenzoic acid); EWG, electron withdrawing group; FC, flash chromatography; FCAS, familial cold auto-inflammatory syndrome; GSH, glutathione; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; HMOX1, heme oxygenase-1; IL, interleukin; Im, imidazole; Keap1, Kelch-like ECH-associated protein 1, LDH, lactate dehydrogenase; LPS, lipopolysaccharide; LRR, leucine-rich repeat domain; Maf, musculoaponeurotic fibrosarcoma protein; MBH, Morita-Baylis-Hillman; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MWS, Muckle-Wells syndrome; NACHT, NAIP, CIIA, HET-E and TP1 domain; NEM, N-ethylmaleimide; NLRP3, NLR family, pyrin domain-containing 3; NOMID, neonatal-onset multisystem inflammatory disease; Nrf2, NF-E2-related factor 2; PBS, phosphate-buffered saline; PMA, phorbol myristate acetate; PYD, pyrin domain; SEM, standard error of the mean; TLR, Toll-like receptor. 
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Table 1. Optimization of reaction conditions for the synthesis of 9
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	Entrya
	Solvent
	Catalyst
	Isolated yield

	1
	1,4-dioxane/H2O (1/1)
	DABCO
	< 1%

	2
	THF/MeOH/H2O (1/1/2)
	DABCO
	< 1%

	3
	CHCl3
	DABCO
	-

	4
	CH3CN/H2O (9/1)
	DABCO
	67%

	5
	CHCl3
	DMAP
	31%

	6
	CHCl3
	DBU
	25%

	7
	CHCl3
	Et3N
	-

	8
	CHCl3
	Im
	-

	9
	CHCl3
	TMEDA
	-

	10
	CHCl3
	PPh3
	Complex mixture

	11
	CH3CN/H2O (9/1)
	DMAP
	42%b

	12
	CH3CN/H2O (9/1)
	DBU
	< 1%

	13
	CH3CN/H2O (9/1)
	Et3N
	-

	14
	CH3CN/H2O (9/1)
	Im
	2%

	15
	CH3CN/H2O (9/1)
	TMEDA
	< 1%

	16
	CH3CN/H2O (9/1)
	PPh3
	Complex mixture

	17
	CH3CN/H2O (9/1)
	DABCO
	63%c

	18
	CH3CN/H2O (9/1)
	DABCO
	68%d


aAll reactions were run on 2-chlorobenzaldheyde (1 mmol) with ethyl acrylate (3 mmol), catalyst (1 mmol) in 3 mL of the reported solvent. bAbout 4% of the Michael type by-product 2-((2-chlorophenyl)(3-ethoxy-3-oxopropoxy)methyl)acrylate (31) was obtained. cReaction run on 40 mmol of 2-chlorobenzaldheyde with ethyl acrylate (120 mmol) and DABCO (40 mmol). dReaction performed on 20 mmol scale at 80 °C.


Table 2. Inhibitory effect of synthesized compounds on pyroptotic cell death of THP-1 cells and cytotoxic properties in HK-2 cells
	Compd
	Pyroptosis decrease (%)a
	Cytotoxicity TC50 (μM)b
	cLogPc
	Compd
	Pyroptosis decrease (%)a
	Cytotoxicity TC50 (μM)b
	cLogPc

	5
	100.3 ± 6.3
	20.1 ± 5.5
	3.03
	25
	30.5 ± 5.6
	12.9 ± 1.5
	1.56

	7
	54.3 ± 6.3
	53.4 ± 6.5
	1.36
	26
	81.3 ± 4.5
	21.8 ± 4.4
	2.44

	8
	63.7 ± 13.3
	7.8 ± 1.1
	1.90
	27
	54.1 ± 3.6
	22.3 ± 2.4
	1.77

	9
	75.1 ± 2.6
	67.0 ± 3.4
	2.79
	28
	53.5 ± 4.4
	10.1 ± 2.5
	2.62

	10
	82.3 ± 7.8
	25.4 ± 2.5
	1.97
	29
	51.5 ± 7.9
	16.3 ± 1.9
	2.72

	11
	53.7 ± 4.2
	55.9 ± 5.5
	2.77
	30
	14.1 ± 5.8
	36.4 ± 3.4
	2.70

	12
	45.8 ± 1.6
	64.5 ± 7.8
	2.30
	31
	58.3 ± 7.6
	>100
	3.94

	13
	44.8 ± 4.2
	28.9 ± 2.2
	2.76
	32
	68.8 ± 7.2
	>100
	4.30

	14
	50.5 ± 4.1
	34,9 ± 8,4
	2.75
	33
	43.9 ± 7.8
	>100
	4.36

	15
	76.6 ± 5.8
	45.2 ± 6.4
	3.36
	34
	12.1 ± 1.2
	1.9 ± 8.2
	2.23

	16
	72.4 ± 1.4
	70.5 ± 2.6
	3.33
	35
	42.0 ± 6.9
	>100
	1.85d

	17
	78.4 ± 11.5
	18.8 ± 5.1
	3.28
	36
	31.2 ± 6.8
	83.5 ± 2.2
	2.42

	18
	26.8 ± 0.3
	45.8 ± 7.2
	2.31
	37
	5.1 ± 7.4
	6.4 ± 2.2
	3.09

	19
	37.8 ± 1.3
	56.7 ± 5.2
	2.42
	38
	17.6 ± 4.0
	5.9 ± 5.2
	3.09

	20
	59.6 ± 5.4
	22.5 ± 5.5
	1.02
	39
	55.5 ± 4.5
	>100
	4.15

	21
	64.3 ± 3.6
	>100
	2.44
	40
	52.5 ± 2.0
	>100
	4.15

	22
	52.7 ± 2.7
	20.5 ± 7.1
	1.03
	41
	31.8 ± 4.2
	73.8 ± 7.2
	3.37

	23
	97.9 ± 5.7
	3.6 ± 1.4
	1.78
	42
	36.2 ± 4.2
	80.1 ± 3.0
	3.37

	24
	83.0 ± 3.7
	11.6 ± 2.5
	2.19
	43
	1.6 ± 2.5
	75.5 ± 4.2
	2.66


aPMA-differentiated and LPS-primed THP-1 cells were pre-treated with either vehicle alone or each compound (10 µM; 1 h). Pyroptosis was triggered with ATP (5 mM) and LDH activity was measured in the collected supernatant 1 h after ATP exposure by a colorimetric assay. Data are expressed as percent of pyroptosis decrease vs. vehicle alone. bHK-2 cells were exposed to increasing concentrations (0.1-100 µM) of each compounds and cell viability was measured at 72 h by the MTT assay. Pharmacological and toxicological data are expressed as mean±SEM of at least four experiments run in triplicate. cCalculated with ALOGPS 2.1 (http://www.vcclab.org/lab/alogps2.1). dcLogP calculated for neutral form.


Table 3. pEC50 for the effects on the ATP- or nigericin-triggered cell death of THP-1 cells of representative compounds 8-10, 32, 33, 41, 42 and reference 5.

	Compd
	pEC50

	
	ATP
	Nigericin

	5
	6.9 ± 0.1
	6.3 ± 0.2

	8
	6.5 ± 0.3
	6.7 ± 0.2

	9
	6.9 ± 0.1
	6.8 ± 0.1

	10
	6.8 ± 0.1
	6.6 ± 0.2

	32
	6.9 ± 0.1
	6.9 ± 0.3

	33
	7.1 ± 0.1
	6.7 ± 0.7

	41
	6.9 ± 0.3
	6.8 ± 1.5

	42
	7.0 ± 0.3
	6.3 ± 1.3


PMA-differentiated and LPS-primed THP-1 cells were pre-treated with vehicle alone or indicated compounds (0.001-10 µM) 1 h before exposure to either ATP (5 mM; 1 h) or nigericin (10 μM, 1.5 h). Cell death was determined by measuring LDH activity in the collected supernatant by a colorimetric assay. Data are the mean±SEM of at least four experiments run in triplicate.



Table 4. Second-order reaction rate constants for the reaction of representative compounds 5, 9, 12, 18, 24, 34-36, 40, 42 with cysteamine (CAM) in the kinetic chemoassay and anti-pyroptotic activity measured in THP-1 cells. 
[image: C:\Users\Massimo\AppData\Local\Temp\table kinetic.1 .tif]
	Compd
	k2 (M-1 s-1)a
	Pyroptosis decrease (%)b
	W
	R1
	R2
	X

	5
	47.9 ± 2.9
	100.3 ± 6.3
	-
	-
	-
	-

	34
	7.16 ± 0.92
	12.1 ± 1.2
	2-Cl-C6H4-
	-COEt
	-H
	-H

	9
	0.866 ± 0.006
	75.1 ± 2.6
	2-Cl-C6H4-
	-COOEt
	-H
	-H

	24
	0.777 ± 0.005
	83.0 ± 3.7
	2-Cl-C6H4-
	-CN
	-H
	-H

	40
	0.588 ± 0.043
	52.5 ± 2.0
	2-Cl-C6H4-
	-COOEt
	(Z)-Ph
	-H

	12
	0.524 ± 0.031
	45.8 ± 1.6
	C6H5-
	-COOEt
	-H
	-H

	18
	0.423 ± 0.025
	26.8 ± 0.3
	2-MeO-C6H4-
	-COOEt
	-H
	-H

	42
	0.126 ± 0.003
	36.2 ± 4.2
	2-Cl-C6H4-
	-COOEt
	(Z)-Me
	-H

	36
	0.126 ± 0.005
	31.2 ± 6.8
	2-Cl-C6H4-
	-CONHPr
	-H
	-H

	35
	0.117 ± 0.006
	42.0 ± 6.9
	2-Cl-C6H4-
	-COOH
	-H
	-H


aCompounds (0.250 mM) were reacted with equimolar amount of CAM in PBS pH 7.4 containing 2.5% DMSO at 37 °C. The decrease in free CAM was monitored using DTNB reagent at different time points during 90 min. Second-order rate constants, calculated according to the equation 1/ = 1/ + kt, were determined from 5-10 data points per rate plot and are expressed as mean±SEM of at least three separate experiments. bPMA-differentiated and LPS-primed THP-1 cells were pre-treated with either vehicle alone or each compound (10 µM; 1 h). Pyroptosis was triggered with ATP (5 mM) and LDH activity was measured in the collected supernatant 1 h after ATP exposure by a colorimetric assay. Data are expressed as percent of pyroptosis decrease vs. vehicle alone. 
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