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The synergistic effects of multiple additives (water and acetic acid) to the asymmetric Michael addition of acetone to nitrostyrene catalyzed by primary amine-thioureas (PAT) were precisely determined. Acetic acid facilitates hydrolysis of the imine intermediates, thus leading to catalytic behavior, and minimizes the formation of the double addition side product. In contrast, water slows down the reaction but minimizes catalyst deactivation, eventually leading to higher final yields.
Organocatalyzed asymmetric Michael additions are widely employed in organic synthesis and are useful benchmarks for the development of new catalysts.[1] Among thiourea-based bifunctional organocatalysts, primary amine-thioureas (PAT) enjoy popularity because of their easy preparation, versatility and effectiveness.[2] Moreover, the occurrence of primary amines in the active sites of many enzymes (such as class I aldolases and pyridoxal phosphate dependent enzymes, among many others) contributes to the general interest of this kind of catalysis.[3] To highlight the importance of PAT, it is worth mentioning that after the seminal work by Tsogoeva[4] and Jacobsen[5] in 2006, a great variety of catalyst structures and reaction conditions have been described using ketones as nucleophiles, which had remained challenging substrates up to then.[2a]
	We hypothesized that besides the basic, catalytic scaffold (the chiral primary amine-thiourea), reaction conditions and additives would play a fundamental role in the catalytic event, definitely contributing to the yield and stereoselectivity.[6] For example, the role of water in proline-catalyzed aldol reactions has been long recognized to have a deep impact in yield, affecting both on-cycle and off-cycle equilibria.[7] Acid additives have also been found to be effective, and often essential, in many organocatalyzed reactions.[8] In this respect, the beneficial effect of acid additives and the presence of water in PAT catalysis was recognized from the beginning too, especially when dealing with more challenging substrates like ketones or disubstituted aldehydes. Hence, Tsogoeva developed an AcOH/water/toluene system,[4a] whereas Jacobsen used benzoic acid in toluene under high concentration of nitrostyrene (2-5 M) to achieve similar results with ketones.[5a] However, in the addition of -disubstituted aldehydes, the use of 10 equiv. of water was required, without acid added.[5b] 
	Altogether, the simultaneous effect of acid and water in organocatalyzed Michael additions of ketones has not been addressed exhaustively and remains an elusive question from a mechanistic point of view, although it is clear that both additives have a fundamental impact in the catalytic outcome (Scheme 1). Studying in detail the roles of multiple additives used simultaneously in a catalytic asymmetric reaction is both a challenge and a requirement to understand the catalytic system as a whole.
	There are few mechanistic studies on PAT catalyzed Michael additions. The role of reversibility in the reactions of -disubstituted aldehydes with nitrostyrenes mediated by PAT was assessed recently.[9] Some theoretical studies leading to the characterization of transition states in combination with 
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Scheme 1 Conjugate addition of acetone to nitrostyrene catalyzed by 10 mol% of PAT catalyst I.
MS studies to identify potential intermediates in the catalytic cycle have been carried out too.[4b, 10] We disclose in this Communication our findings on how added water and acid have a decisive effect on the stability and turnover of PAT catalysts.
	We selected for this study Tsogoeva’s PAT catalysts I. Under the originally developed conditions, which comprise 15 mol% catalyst loading, 15 mol% of AcOH and 2 equiv. of water, it affords 86% yield and 86% ee of adduct 3a.[4b] We devised three sets of experimental conditions to prove our hypothesis and clarify the roles of water and acid: A) performing the reaction without adding acid or water, B) adding acetic acid but no water, and C) adding acid and water. We then proceeded to a careful re-examination of the outcome of Michael additions with catalyst I by monitoring the reactions by quantitative 1H NMR. Nitrostyrene 1, the Michael adduct 3a, the double addition side product 3b, and several imine-catalyst intermediates were characterized and their concentrations determined under conditions A, B and C. Our proposed catalytic cycle is shown in Scheme 2.
	In the absence of added water and AcOH (conditions A), the catalyst did react indeed with the substrates and a certain amount of nitrostyrene (ca. the molar amount of catalyst) was consumed very fast. Following this event, some double addition imine intermediate {I-3b} was formed. Under these conditions, we detected product 3a in even lower concentration, as well as traces of imine {I-2}. Overall, the reaction was sluggish and the concentration of all the species detected remained constant after 16 hours (see SI, pages S11 and S14-S24). These data are important because they show that reaction intermediates do indeed form rapidly without the addition of either acid or water. Indeed, the C-C bond forming reaction has already occurred at this point.
However, no hydrolysis of intermediates {I-3a} and {I-3b} took place at a significant rate, and thus formation of free products and catalyst turnover were minimal. Nevertheless,
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Scheme 2 Interrelated processes in the asymmetric Michael addition of acetone to 1 catalyzed by PAT I: 1) The regular catalytic cycle leading to 3a; 2) The extended catalytic cycle leading to 3b.
turnover did occur just upon addition of acetic acid in the absence of added water (conditions B). In contrast, with 1 equivalent of water added but no AcOH, essentially only formation of imine intermediate {I-3b} and traces of free product 3a could be detected (see ESI page S32), as in the experiment under conditions A. It is clear that the main role of acetic acid is to facilitate hydrolysis of {I-3a} and therefore turnover.[11] A minimum amount of AcOH is essential for the Michael addition to take place, 5 mol% being the optimal amount (See SI, pages S8-S10, S12 and S25-S33). Finally, upon addition of 1 equivalent of water besides AcOH (conditions C), the reaction took place smoothly and high yield of 3a was isolated. Reaction monitoring by 1H NMR was able to detect the presence of intermediates {I-2}, {I-3a} and {I-3b} as well, albeit in concentration much lower than under conditions B. In this sense it is worth mentioning that the total concentration of detected catalytic intermediates for conditions B varies from 0.014 to 0.006 M, whereas it stays between 0.005 and 0.003 M for conditions C (see ESI, pages S12-13).
	In Figure 1A, the concentration of nitrostyrene 1 and product 3a vs. time is shown for experiments run under conditions B and C (1 equiv. of water added). At the beginning there was a sharp decrease in the concentration of 1 in all cases. This regime corresponds to the initial reaction of the catalyst with the substrates to form stable intermediates as in 
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Fig. 1 Michael addition of acetone to nitrostyrene at [1]0=0.45 M using 10 mol% catalyst I, 5 mol% AcOH, and 10 equiv. acetone, in toluene at rt, (A) Reaction run under conditions B (orange) and C (1 equiv. added water, red). [1], circles; [3a], squares. (B) “Missing” nitrostyrene concentration vs. time, under conditions B (orange) and C (red). (C) Picture showing the final appearance of reactions run under conditions B (bottom tube) and C (upper tube).
[image: ][image: ]conditions A. Afterwards, a second regime dominated the process throughout the rest of the reaction.(A)
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	It was also apparent that water had an inhibiting effect on the initial regime that, at least in part, we attributed to a shift of the equilibrium of formation of acetone imine {I-2}. However, the formation of product 3a was clearly superior for the rest of the reaction under conditions C (Figure 1A). Therefore, since higher conversion was achieved at the end of the reaction in the presence of added water, it was suggested that catalyst deactivation or product inhibition could take place in its absence. Nevertheless, product inhibition was discarded as a potential source of loss of catalytic activity (See ESI, page S37). We hypothesized then that being nitrostyrene a strong Michael acceptor, it could lead to undesirable side reactions and catalyst deactivation through the formation of polymers initiated by a catalytic intermediate.[12-13]
	The formation of side product 3b was minimal under both conditions B and C (always below 4 mol% formation), and depended essentially on the amount of AcOH present. Increasing amounts of AcOH decreased the formation of 3b under both conditions B and C, as it is shown in the SI (page S10). Finally, as a result of this evaluation, our optimized reaction conditions comprise the use of 10 mol% of catalyst I, 5 mol% of AcOH and 1 equiv. of water. Adduct 3a can be then isolated in 94% yield and 90% ee. Enantiomeric excess does not change along the reaction (See SI, page S4-5).
	We then performed the mass balance for nitrostyrene to quantify the total amount of catalytic species in the cycles (equation 1). This approach has the advantage that all the species (detectable and not detectable) can be analyzed globally. The “missing” nitrostyrene concentration was plotted vs. time (Figure 1B), showing the pre-steady-state regime, and afterwards a steady-state regime were the concentration of intermediates (which would include deactivated catalytic species by nitrostyrene) was essentially constant under conditions C. In the absence of added water, though (conditions B), a slight but constant increase in the total concentration of intermediates was appreciated, which can be attributed to the continuous formation of deactivated species containing nitrostyrene. Remarkably, the concentration of catalytic intermediate species that contain nitrostyrene was near four times smaller in the presence of “added water”.

[intermediates] ≈ [1]missing = [1]0 – [1]t – [3a]t – 2*[3b]t		(1)

	In the presence of “added water” (conditions C), the concentration of “missing” nitrostyrene was smaller than the total concentration of catalyst (ca. 0.028 M vs. [I]0 = 0.045 M), thus showing that up to a 38% of the overall catalyst is present as free catalyst and acetone imine {I-2} (More precisely, catalytic species that do not contain nitrostyrene). This can happen because the hydrolysis of product imine {I-3a} is favored, the formation of imine {I-2} is disfavored, or both simultaneously. In contrast, high concentration of intermediate species containing nitrostyrene, actually slightly higher than twice the total catalyst concentration, was 
Fig. 2 Michael addition of acetone to nitrostyrene at [1]0=0.45 M using 10 mol% catalyst I, 5 mol% AcOH, 10 equiv. acetone and 1 equiv. water, in toluene at rt, (A) Time-adjusted profile after addition of nitrostyrene up to the initial concentration (blue) after 21 hours reacting (red). (B) Catalyst I was pre-treated with 1 for 3 hours before addition of acetone ([1], blue circles, [3a], blue squares). In grey, original reaction profiles without pre-treatment (see also Figure 1A).
observed under conditions B. This suggested that several molecules of 1 might be involved in those intermediates, in accordance with its tendency to polymerization.[12-13] Finally, we must add that under “added water” conditions (conditions C), the reacting mixture remained a pale yellow solution, whereas a dark, turbid solution appeared throughout time when no extra water was added, indicating the formation of some unknown side product (Figure 1C and ESI, page S34). In any case, all our attempts to isolate and characterize the deactivated species through NMR and MS techniques failed, likely due to its oligo- or polymeric nature.
	The stabilizing effect of water was further checked by running a reaction under conditions C. Upon completion, (ca. 21h), nitrostyrene was added and its concentration re-adjusted to 0.45 M. A pre-steady-state regime leading to a sharp drop in the concentration of 1 was observed again, proving the presence of free, fully operative catalyst at the end of the reaction. However, catalyst deactivation was still observed since the consumption of nitrostyrene 1 was slower than in the first reaction run (Figure 2A).
	We then pre-treated catalyst I with nitrostyrene for 3 hours before acetone was added, performing the reaction in the presence of added water and AcOH (conditions C). The reaction behaved as in the regular experiments, showing an identical reaction profile (See Figure 2B). Since higher catalyst deactivation did not take place, we can ascertain that free catalyst does not get deactivated by reaction with nitrostyrene, and that deactivation must take place then through some of the other catalytic intermediates of our proposed catalytic cycle depicted in Scheme 2. (See also ESI, pages 35-36).
	As a result of this interplay, under optimal conditions (5 mol% AcOH and 1 equiv. of added water), 38% of the overall catalyst in the reaction medium exists as catalytic species that do not contain nitrostyrene, since the formation of {I-2} slows down and the hydrolysis of {I-3a} accelerates. At the same time, competitive deactivation of the catalyst is minimized. This situation is indeed similar to the case of proline-catalized aldol reactions, where parasitic off-cycle catalyst deactivation reactions were minimized by water, while the relative concentration of catalytic species decreased by shifting the equilibria towards proline.[7a, 15]
	In summary, we have determined the roles of acetic acid and water in the asymmetric Michael addition of acetone to nitrostyrene. Acetic acid provides turnover to the PAT catalyst by facilitating the hydrolysis of imine intermediate {I-3a}. If not present, the PAT catalyst ends up as the catalyst-double addition product imine {I-3b}, and little hydrolysis to product 3a takes place. According to this, AcOH is also essential to minimize the double addition side product (3b). On the other hand, the presence of water in the reaction medium is even more important: although it slows down the reaction, water minimizes irreversible catalyst deactivation by nitrostyrene, and stabilizes the productive reaction pathway. This reaction becomes a fine example of minimization of catalyst deactivation, which leads eventually to higher conversion. Water and AcOH affect the on-cycle and off-cycle reactions present in PAT catalysis in a subtle but decisive way, and, therefore, must be carefully controlled. Studies on synthetic applications of PAT catalysts are underway in our laboratories and will be reported in due course.
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