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Abstract

:

This short review presents new insights on the mechanism and online monitoring using electrospray ionization tandem mass spectrometry (ESI–MS/MS) of Morita–Baylis–Hillman (MBH) reactions. MBH reactions are versatile carbon-carbon organocatalyzed bond forming reactions, making them environmentally friendly due to general organocatalysts employed. The organocatalyst behavior, which controls the transition state and thus the enantioselectivities in the obtained products, is very important in the performance of asymmetric MBH transformations. Some recent techniques and advances in asymmetric transformations are reviwed, as well as online reaction monitoring and analysis of the reaction intermediates. The mechanism accepted nowadays is also review through the insights gained from the use of ESI–MS/MS techniques.






Keywords:


Morita-Baylis-Hillman; reaction mechanism; ESI-MS; online screening












1. Introduction


Many efforts have been made in Organic Chemistry in the search for synthetic routes using efficient and clean carbon-carbon bond forming reactions. The most important carbon-carbon reactions discovered so far are the Grignard, Wittig, aldol, Friedel–Crafts, Diels–Alder, Heck, Stille, Suzuki and the Morita–Baylis–Hillman reactions. Of those important C-C bond forming reactions, the Baylis-Hillman or Morita–Baylis–Hillman (MBH) reaction is a very useful and versatile one, which combines aldol and Michael reactions in a single step, providing organocatalyzed methylene--hydroxy carbonyl or -methylene--aminocarbonyl compounds. These compounds are very useful multifunctional building blocks in the synthesis of medicinally relevant pharmaceutical compounds [1,2] and natural products [3]. The interest in this atom-economical reaction has been growing, and good reviews regarding the development and progress using this reaction have been published [4,5,6,7]. The scope of this short review is to discuss some important features involved for the understanding and further developments in this interesting synthetic reaction. Herein, some important selected reactions, recent developments and important insights on the mechanism based on MBH reactions online monitored by electrospray ionization tandem mass spectrometry (ESI–MS) are also reviewed.




2. Mechanism. Earlier Work


This carbon–carbon bond forming reaction is a three component reaction which involves the coupling of an electron deficient olefin acting as Michael acceptor with an electrophile in the presence of a strong Lewis base (a tertiary amine: generally diazabicyclo[2.2.2]octane, DBU or phosphines), as depicted in Scheme 1 [6].



The mechanism initially proposed by Hill and Isaacs [8] and refined by others [9,10] was based on the rate, pressure dependence and kinetic isotope effect (KIE) data of the reaction and involves three steps, consisting of a sequence of Michael addition, aldol reaction, and elimination (Scheme 2). The conjugate Michael addition of a Lewis basic catalyst 1 to the α,β-unsaturated carbonyl system of compound 2 initiates the catalytic cycle (step I). This reaction produces the zwitterionic intermediate 3, which has enhanced nucleophilic reactivity at C-2 through the action of the nucleophile. The aldehyde 4 then reacts with this intermediate (step II), leading to formation of the dipolar intermediate 5, which after prototropic rearrangement forms intermediate 6 (step III). This intermediate suffers either E2 or E1cb elimination in the presence of a Lewis base to produce the target Baylis–Hillman adduct 7 (step IV).



Hill and Isaac concluded that no α-proton cleavage occurred in a series of MBH reactions [8], thus indicating step II (addition of enolate to the aldehyde) to be the rate determining one, based on a kinetic isotope effect of 1.03 ± 1 for the α-position of acrylonitrile.




3. Recent Analysis of MBH Reaction Mechanism


The proposed key intermediates 6 present in the catalytic cycle, as described in Scheme 2, were isolated and characterized by NMR and X-ray crystallography experiments in the form of a coumarin [11] and phosphonium salts [12] (Figure 1). The data support the mechanism previously proposed by Isaac [8].



According to that mechanistic proposal, it can be deduced that the reaction could be accelerated using protic additives that could activate the aldehyde. McQuade et al. have determined that the Baylis–Hillman rate-determining step is second order in aldehyde and first order in DABCO and acrylate, showing significant kinetic isotopic effect (KIE, kH/kD = 5.2 ± 0.6 in DMSO). Interestingly, regardless of the solvent used (DMF, MeCN, THF, CHCl3), the KIE were found to be greater than 2, indicating the relevance of proton abstraction on the rate-determining step (RDS). They proposed a new mechanism involving a hemiacetal intermediate, as depicted in Scheme 3 [13,14].



Furthermore, Aggarwal proposed, based on kinetic studies, that the reaction kinetic is second order in relation to the aldehyde, but only at in the initial (≤20% of conversion) stage, then becoming autocatalytic. Aggarwal proposed that the MBH adduct may act as a proton donor and therefore assists the elimination step via a six-membered intermediate [15], as shown in Scheme 4.



Robbiette et al. carried out MP2 calculations on a model system focusing on the reaction between methyl acrylate and benzaldehyde catalyzed by a tertiary amine in the absence/presence of methanol [16]. Furthermore, Roy et al. used ab initio calculations to analyze the rate limiting step between acroleine and formaldehyde catalyzed by trimethyl amine (model system), and between methyl vinyl ketone and benzaldehyde (real system) [17]. As suggested by McQuade, these analyses explained the observed second order kinetics with respect to aldehyde concentration in the absence of protic solvent. However, Aggarwal et al. suggested that the presence of alcohol in the reaction media was acting in proton transfer from carbon to oxygen. Moreover, the intramolecular proton transfer transition state was further stabilized. Both theoretical studies confirmed that hydrogen transfer was the rate limiting step, and C-C bond forming should not be rate-limiting, except perhaps for some aliphatic aldehydes or imines. These results suggested that the design of asymmetric versions of MBH requires the stereocontrol of the proton transfer step, in addition to that of the addition to aldehydes [16].




4. Reaction Times, Yield and Stereochemistry of MBH Reactions


The main drawbacks of this synthetically important reaction are the slow rate, long reaction times, expensive catalysts, difficult handling and low yields. The most important of these is the long reaction time; it has been shown typically to take days to weeks to obtain acceptable product yields. Another important issue is the stereoselectivity of the reaction. The usefulness of this reaction has encouraged researchers to employ different alternatives to shorten the reaction times, increase the yields and improve the enantioselectivity. Within this scenario, several combinations of the three essential components for MBH reaction, i.e., activated alkene, electrophile, and catalyst as well as the cooperative effect of hydrogen bonding additives such as water, phenols, alcohols, ionic liquids and different reaction conditions such as ultrasound, temperature, and high pressure have been investigated during the last decades [4,5].



4.1. Stereochemistry of Michael acceptor


Teng et al. showed that differences in the accessibility to the β-position of the Michael acceptors could result in great discrepancies in the yields of the MBH reactions. The group studied the stereochemistry effect of Michael acceptors involved in intramolecular MBH reactions catalyzed by PPh3, and using isomerically pure E and Z ω-formyl α,β-unsaturated carbonyl compounds as reaction substrates. In all studied cases, the same product was obtained using both isomers. However, the (Z)-alkene afforded 2.5–8.5 times higher yield than the E isomer [18]. The authors rationalized the data due to steric hindrance, as depicted in Figure 2.




4.2. Studies on the reactivity of the formyl group


It is well known that changing from unsubstituted to substituted benzaldehydes has a direct influence on the rate of MBH reactions and affects the formyl group reactivity. Thus, nitro- or trifluoromethyl-substituted benzaldehydes comprise the fastest reacting substrates due to their electron-withdrawing nature, whereas methoxy- or dimethoxybenzaldehydes show the slowest, because of their electron donating character. In heterocyclic systems this is not completely true, and Nag et al. studied the reactivity of heterocyclic formyl derivatives involved in MBH reactions. Based on previous results with isoxazolecarbaldehydes (Figure 3), and in order to study the difference in reactivity of formyl groups in heterocyclic systems, they studied substituted pyrazolecarbaldehydes at different positions. Employing DABCO as catalyst,



Nag found that heterocyclic formyl group presented on the carbon atom adjacent to the heteroatom showed short reaction times (3.5 to 48 h, Scheme 5) for the MBH reaction as compared to other substituted positions (4 to 25 days) [19].



It was proposed that the electron pairs of heteroatoms near the formyl group accelerated the base elimination in the final step of the reaction. The presence of halo-substituents in the adjacent carbon to the one bearing the formyl group increased the rate for the same reason (Scheme 6).




4.3. Three-component and one-pot MBH reactions


Adolfsson and coworker employed as catalyst 3-hydroxyquinuclidine (3-HQD, 15 mol%) and titanium isopropoxide (2 mol%) for the reactions of methyl acrylate and sulfonamides in the presence of molecular sieves and 2-propanol at room temperature. Using this three-component one pot system yields and chemoselectivity of the aza-adducts was improved. Furthermore, yields over 94% and selectivity reaching 99% were obtained in reaction times around 6 h (Scheme 7) [20].



In 2006, Sorbetti and coworkers reported the aza-MBH reaction of substituted N-(phenylsulfonyl)-aldimines with several activated conjugated dienes. The reaction afforded the corresponding adducts in the presence of 3-hydroxyquinuclidine (3-HQD, Scheme 8) as highly functionalized allylicamine compounds. Furthermore, it was seen that the E isomers of the products obtained from the dienoate ester 15 and the dienyl sulfone 16 underwent one pot facile intramolecular conjugate additions to give the corresponding piperidine compounds [21], as depicted in Scheme 8 and Scheme 9.



Shang and coworkers reported a combination of Sc(OTf)3 and 3-hydroxyquinuclidine (3-HQD) as catalytic system for the MBH reaction between several aromatic aldehydes and activated alkenes. The protocol showed high catalytic activity with good yields and reaction times as short as 10 min. Substrates with acceptor groups (Scheme 10) gave good rate improvement, whereas presenting donor groups showed lower rate accelerations. However, no reaction was observed employing acrylamide [22].




4.4. Catalytic asymmetric induction for MBH reactions


MBH reactions are organocatalyzed reactions, which make them environmentally friendly when organocatalysts used are designed and accessible to organic chemists, and very important in the performance of asymmetric transformations and control of the transition state and thus the chirality of the product obtained in the reaction with high enantioselectivity. The diversity of chiral catalysts tested included Lewis acids and Lewis bases, Bronsted acids, thioureas, bulky ammonium salts, ionic liquids and phosphines [4]. Of those organocatalyst employed for asymmetric MBH reactions, bifunctional organocatalysts via hydrogen bonding has been of great interest in the last years, and specially for the aza-MBH reaction, the compounds isocupreidine [20], phosphinyl BINOLs [23], and (S)-3-(N-isopropyl-N-3-pyridinylaminomethyl) BINOL [24] are the most efficient bifunctional catalysts employed so far. Several asymmetric MBH reactions were reported, and two reviews regarding asymmetric MBH reactions were recently published [4,7], so we will mention some important and recent advances in this field.



4.4.1. Asymmetric induction using chiral (thio)ureas


An important contribution was the work of Hatakeyama et al., that found that β-isocupreidine (β-ICD) was an efficient catalyst for the MBH reaction of acrylate with various aromatic and aliphatic aldehydes affording mostly R allylic alcohols (99% ee) [25]. This attractive solution stimulated more studies on organocatalysis in MBH reactions. Initially, the efforts concentrated on increasing MBH reaction rates, but soon after asymmetric approaches using chiral ureas as catalyst have became the main targets. Nagasawa et al. [26] performed the MBH reaction between cyclohexenone and benzaldehydes catalyzed by DABCO and cocatalyzed with urea or (thio)urea type organocatalysts (17 or 18, Figure 4, Scheme 11), obtaining yields of 52-60% after 24 h. However, the chiral bis-thiourea organocatalyst 16 provided good yields (72%) and a 33% ee. After improvement of the reaction conditions employing cyclohexenone, several aldehydes (Figure 5), cocatalyst 16, and DMAP at 5 °C, the allylic alcohols were obtained in 72 h with enantiomeric excesses up to 90% ee for cyclohexanecarboxaldehyde. Recently, Connon et al. also described the use of (thio)ureas as efficient organocatalysts for MBH reactions for deactivated aromatic aldehydes with significant increases in rate and yield [27]. Another example is given by Jones et al. based on this type of molecules. The group synthesized two bis(thio)urea cocatalysts (19 and 20, Figure 6) designed by calculations of electronic structure of a key transition state for the reaction between cyclohexenone and 4-fluoro-benzaldehyde catalyzed by DMAP. The condition employed showed that docking the transition state by hydrogen bond mediated recognition of both the nucleophile and the electrophile accelerated the reactions in 4 times [28] (Scheme 12).




4.4.2. Asymmetric induction using biphenols


The MBH reaction between methyl acrylate and imines was first reported by Perlmutter and Teo in 1984 [29], and generated what is called the aza-MBH reaction. The development of asymmetric organocatalysts to carry out efficient aza-MBH reactions has been a challenge in organic synthesis in the last years. Matsui et al. performed aza-MBH reaction of methyl vinyl ketone and phenyl N-tosyl-imine with several organic catalysts, which had Bronsted acids and Lewis base functionalities. Of several tested BINOLs (Figure 7), they found the compound (S)-3-(N-isopropyl-N-3-pyridinyl-aminomethyl) BINOL 27 to be the most efficient giving 96% yield (60 h) and high enantioselectivity (95% ee) [24]. The reaction was shown to be highly influenced by the position of the Lewis base attached to the BINOL structure (see proposed mechanism, Scheme 13). The authors suggested that the acid and base groups cooperated to activate the substrate, and lock the conformation of the organocatalyst, promoting the reaction with high enantioselectivity.




4.4.3. Asymmetric induction using phosphines


The search for stereoselectivity in MBH reactions started with Shi that employed chiral phosphines derived from BINAP (28) for the reaction of tosylimines with methyl vinyl ketone [23]. The proposed reaction mechanism consisted of stabilization of the starting enolate thorough hydrogen bonding. Then, Mannich reaction of this intermediate with tosylimine and subsequent β-elimination afforded only one of the possibly four diastereomers (Scheme 14).



This compound, (R)-2´-diphenylphosphino-[1,1´-binaphthalene]-2-ol (28) also resulted to be one of the most efficient bifunctional phosphine-type chiral catalysts found for the aza-MBH reaction of methyl vinyl and ethyl vinyl ketones with N-tosylimines [30] that afforded excellent enantiomeric excess and good yields (Scheme 15). In another work, Shi and coworkers synthesized the catalyst with an additional C8F13 side-chain (ponytail, compound 29, Scheme 16). Testing catalyst 29 for MBH reaction, enantiomeric excesses reaching 90% chemical yield 90% and reaction times around 48 h were observed [31].




4.4.4. Asymmetric induction using chiral amines


An excellent example of asymmetric aza-MBH reaction was performed using the quinidine derived base isocupreidine (ICPD, as the catalyst in 10 mol%) in THF at –30 °C. Shi et al. reported a highly efficient reaction of N-tosylsalicylaldehyde imines with α,β-unsaturated ketones to give the corresponding adducts in good to high yields and excellent enantioselectivity (up to 99% ee). It was proposed that intermediate 31a would be more stable than intermediate 30a, because the phenol containing aromatic moiety in the chiral pocket could form a strong branched hydrogen bonding system achieving aza-MBH adducts in the S-configuration. Shi suggested that in the transition state of intermediate 30a, the ortho-phenol group was located outside of the chiral environment (Scheme 17), thus affording low selectivities [32].



An interesting approach was described by Zhu and coworkers that obtained high yield and enantioselectivity through dual catalysis. A combination of ICPD derived bifunctional-catalyst and β-naphthol for the asymmetric aza-MBH reactions of aromatic imines was employed [33]. A cooperative hydrogen bond pairing was proposed to explain the formation of the stabilized intermediate that lead to the MBH S-adduct (Scheme 18).





4.5. Amino acids used as catalysts for MBH reaction


Utsumi and coworkers synthesized aza-MBH type compounds with β-substituted enal moieties from β-substituted-α,β-unsaturated aldehydes and p-methoxyphenyl protected imino esters (Scheme 19). The reactions were carried out under mild conditions through proline and/or imidazole catalysis, which gave good yields and ee% after reaction times of 2 h [34]. The proposed mechanism was a Mannich-type reaction of in situ generated enamines of the β-substituted-α,β-unsaturated carbonyl compounds followed by double bond isomerization, as described in Scheme 20.



4.5.1. Polymers as organocatalysts


Polymers which contained soluble polystyrene-supported triphenylphosphane and 4-dimethyl-aminopyridine with alkyl alcohol (or phenol groups) were also successful as organocatalysts in a range of MBH reactions, as described by Shi and coworkers. The results indicated that hydroxyl groups could participate in the reactions and accelerate product formation, and phenols were more effective as catalyst than alkyl alcohol groups. It was proposed that both functional groups can cooperatively participate in the catalysis of the reactions [35], as described in Figure 8.





4.6. Enzymes as catalysts


Serum albumins and lipases were also used as catalyst for MBH reaction. Those proteins were able to catalyze the reaction between cyclohexenone and p-nitrobenzaldehyde in 35% yield and low enantioselectivities (19%) after 2-5 days in MeCN at 30 °C. It was proposed that the lysine, serine or histidine amino acids of the protein could act as catalytic nucleophiles for this MBH reaction [36], as described in Scheme 21.




4.7. Ionic liquids as additives for MBH reaction


The use of chiral ionic liquids as reaction media in the asymmetric Morita–Baylis–Hillman reaction between benzaldehyde and methyl acrylate catalyzed by DABCO was reported for the first time by Loupy and coworkers [37]. It gave around 45–76% yields and 20–44% enantiomeric excesses using benzaldehyde, methyl acrylate and DABCO in a 1:1:1 ratio with the addition of 0.5 to 3 equivalents of N-alkyl-N-methylphedrinium salts (Scheme 22).



Another example of chiral induction using an ionic liquid as solvent was performed for the aza-Baylis–Hillman reaction between methyl vinyl ketone and N-(4-bromobenzylidene)-4-toluene-sulfonamide using PPh3 as the nucleophilic catalyst. In a series of four independent experiments using various batches of methyltrioctylammonium dimalatoborate (Figure 9), conversions ranging between 34% and 39% and enantioselectivity varying from 71–84% ee were achieved [38].



Coelho and coworkers studied a series of MBH reactions between isopropylidene D-glyceraldehyde and methyl acrylate catalyzed by DABCO. It was found that the addition of the imidazolic ionic liquid (Bmim).PF6 (1 equiv) increased the yield up to 95% (7% yield without ionic liquids). Furthermore, the use of ultrasound increased the yields up to 82% and decreased reaction times to 30 min at 0 °C. However, the diastereoselectivity was low (65:35 anti:syn in all the cases) [39], as depicted in Scheme 23.




4.8. Acceleration of MBH reaction through mechanochemistry


Mack and coworkers introduced a novel technique of high speed ball milling (HSBM, Figure 10), and performed several reactions between aryl aldehydes and methyl acrylates catalyzed by DABCO to give MBH adducts in reaction times ranging from 30 min to 1 h (Scheme 24). HSBM was employed as an alternative solvent-free method, and consisted of a ball bearing that was placed inside a vessel and shaken at high speeds. The high speed attained by the ball-bearing has enough force to make an amorphous mixture of the reagents facilitating chemical reactions [40]. This method has been studied in metal alloying and for the generation of inorganic salts; however, few organic reactions have been studied by this process. The technique applied to MBH reactions represented one of the fastest options producing yields ranging from 28 to 98% under neat conditions. Furthermore, the technique is an example of green chemistry due to no solvents are required [41].




4.9. Online MBH reaction


The MBH reaction between 4-nitrobenzaldehyde and methyl acrylate was adapted for microreactor conditions (Scheme 25). The reaction could be performed continuously at room temperature in water-dioxane 1:4 ratio (only 2 hours of residence time) catalyzed by DABCO and was approximately 30% faster compared to batch conditions [42].





5. Probing the MBH Mechanism by Online ESI–MS(/MS)


Several mechanistic considerations have been proposed for MBH reactions. During the last two decades there has been considerable growth in the development of electrospray ionization mass spectrometry (ESI–MS) as a practical method for studying reaction mechanisms. This tool allows interception and characterization of several key intermediates, either as transient species or as protonated/deprotonated forms of neutral species. Reaction pathways shown by ESI–MS(/MS) have been probed by gas-phase ion/molecule reactions, and expanded mechanisms have been elaborated based on mass spectrometric data. The successful application of ESI–MS in revealing, elucidating, and helping to consolidate proposed mechanisms of organic reactions is emphasized. ESI–MS has been shown to constitute an excellent technique for mechanistic studies, since it transfers ions directly from the solution to the gas phase with efficiency and gentleness, thereby providing proper snapshots of the ion composition of the reaction solutions. This technique has been used extensively to investigate the mechanisms of several classical and organocatalyzed reactions [43,44,45]. For the MBH reaction of acrylates with aldehydes catalyzed by DABCO, several neutral zwitterionic intermediates are involved in the currently accepted mechanism. These neutral species were expected to be in equilibrium with their protonated or cationized forms such as [M + Na]+ or [M + K]+ in methanolic solutions, and could therefore be detected and analyzed by techniques such as online monitoring electron spray ionization mass and tandem mass spectrometry (ESI-MS/MS).



5.1. Preservation of the charge in the transit of ions from solution to the gas phase using the ESI technique


ESI–MS has previously been used to probe proposed mechanisms based on experimental evidence, and isolation of the different products, thus validating or undermining the empirical proposals. More detailed information about the technique can be found in some excellent reviews [46,47,48] that summarize the current thinking on the various stages of the ESI process [49,50,51]. However, a brief comment on the ESI mechanism must be emphasized.



The electrospray process can be described with relative simplicity. A solution of the analyte is passed through a capillary maintained at high potential. The high voltage generates a mist of highly charged droplets which passes through a potential and pressure gradients towards the analyzer portion of the mass spectrometer. During that transition, the droplets reduce their size by evaporation of the solvent and by droplet subdivision resulting from the coulombic repulsions caused by the high charge density achieved in the shrinkage. As final result, the ions become completely desolvated [52].



The charge state of the isolated ions is expected to closely reflect the charge state in solution (multiply charged species are sometimes observed due to ion/molecule reactions in the interface), since the transfer of ions to the gas phase is not an energetic process – the desolvation is indeed a process that effectively cools the ion [53]. Therefore, it can be assumed that the ESI involves only the stepwise disruption of non-covalent interactions, principally the removal of molecules of salvation, and interception of this process may allow the preservation of relatively strong non-covalent interactions of analytical significance [51]. For example, in a detailed study by Kebarle and Ho, the transfer to the gas phase of different ions dissolved in a wide variety of solvents was possible by ESI. It included singly and multiply charged inorganic ions, e.g., alkali, alkaline earths, and transition metals, organometallic species, and singly and multiply protonated or deprotonated organic compounds, e.g., amines, peptides, proteins, carboxylic acids, and nucleic acids. The experimental information available so far on the preservation of the charge is not clarifying [54]. Single-electron transfer can occur during the electrospray process, because the ESI capillary may act as an electrolytic half-cell when extreme conditions are employed [55]. It is quite common to find a few reports concerning redox reactions in ferrocene derivatives [56], metalloporphyrins [57], metal complexes of amino acids [58], and some organic molecules. Some neutral organic molecules that posse no sites of protonation/deprotonation have also been analyzed using unconventional conditions for ESI technique [59,60,61,62]. In all these examples high ion-source voltages or modifications in the configuration of equipments were carried out to achieve the electrolytic-cell like ESI-MS.



There are some documented cases where the charge state is changed after the desolvation process, like the case of multiply charged inorganic and organic ions, which are sometimes not seen in their expected charge state. The change occurs mainly for ions with the charge localized on one single atom or small group of them, e.g., Mz+ with z > 1; SO42–, PO43–[63] When the multiple charge is confined to such a small volume, the high coulombic repulsions present forces the ion to undergo a charge reduction by intra-cluster proton transfer reaction in case of protic solvents, or by charge separation between the metal center and the bonded solvent molecules when aprotic solvents are used. Such reduction processes are promoted by collisions with residual gas molecules in the source interface region [64]. The interception of multiply charged naked ions can be achieved when the charge is stabilized by solvent molecules or ligands.



The ESI technique is not only qualitative, but the intensity of the detected gas phase ions and the corresponding concentrations of these ions in the electrosprayed solution are related. However, in cases where the solution contains compounds able to react with these ions, the intensities may change drastically and much more complex relationships may prevail. The coordination properties of supramolecular compounds may also differ between the solution and the gas phase. It is well-known that polydentate ligands capable of forming stable solution complexes with transition metal ions favor the transfer of the metal into the gas phase by stabilizing it [65]. Using salts of double charged ions (MIIX2) as an example, ESI of [MIIL + X2] complexes may afford singly [MIIL + X]+ or doubly [MIIL]2+ charged ions by losing one or two counter-ions (X–) respectively. In some cases, it is possible to observe ions in the ESI mass spectrum corresponding to [MIIL – H]+, due to the elimination of one counter ion plus a subsequent expulsion of the counter anion acid (HX). The proton is therefore provided by the ligand. Meanwhile in all these cases the oxidation state of the metal center does not change, the coordination number can indeed change, as Vachet and coworkers suggested. For a number of NiII and CuII complexes, the coordination numbers differ on going from solution to gas phase [66,67,68,69].



All these cases suggest the necessity to perform a rigorous analysis to prove unambiguously that the species detected by ESI are the ones prevailing in solution, and more importantly to confirm that they are indeed reactive intermediates on the reaction path. An outstanding methodology is to isolate in the gas phase the species assumed to participate in the reaction mechanism and perform ion/molecule reactions with the substrate of the reaction solution. This methodology is very powerful to discard side-products and to assure the reliability of the analysis. Another important method is the study of well-known reactions and compares the data obtained by ESI–MS with other spectroscopic techniques.



5.1.1. Developing methods to study reaction mechanisms


5.1.1.1. Monitoring methods


There are two different possibilities for study a reaction using API methods, i.e., off-line and online screenings. Early investigations using API techniques were usually performed off-line [70,71]. A sequence of events in off-line study of a reaction in solution by mass spectrometry could be: (i) investigate the specific reaction conditions by mixing the reagents for the detection of the different intermediates; (ii) and then determine the solution composition over time when the reactants are progressively transformed into products [72,73]. This latest operation can be accomplished by direct screening by MS of the reaction intermediates during pre-defined intervals and characterization by MS/MS, always if there is a reasonable concentration of them in solution, and these species are not degraded within few seconds/minutes. The overall time resolution has to match the rate of the process to yield the desired information. However, there are some inherent limitations to this approach. Transient species cannot be therefore analyzed with this feature due to their short lifetime residence in solution.




5.1.1.2. Off-line monitoring


A sequence of events in the study of a reaction in solution by mass spectrometry could be to investigate the specific reaction conditions by mixing the reagents for the detection of the different intermediates, and then determine the solution composition over time when the reactants are progressively transformed into products. This latest operation can be accomplished by direct screening by MS of the reaction intermediates during pre-defined intervals and characterization by MS/MS, always if there is a reasonable concentration of them in solution, and these species are not degraded within few minutes. The overall time resolution has to match the rate of the process to yield the desired information. It is determined by the interval elapsed between consecutive sampling operations and is a direct function of the time used to secure and quench each aliquot in off-line methods. Transient species can not be therefore analyzed with this feature due to their short lifetime residence in solution.



Hinderling and Chen [74,75] used the off-line monitoring technique in developing a mass spectrometric assay of polymerization catalysts for combinational screening. A homogeneous Brookhart polymerization catalyzed by a Pd(II) diimine complex using various ligands was quenched and then studied by ESI–MS. The mass spectrometric method required mg quantities of catalyst, took place in only few minutes, and was suitable for both pooled and parallel screens of catalyst libraries. This intriguing method of high-throughput screening of homogeneous catalyst by electrospray ionization tandem mass spectrometry was recently reviewed [45].




5.1.1.3. Online monitoring


In a second scenario, the kinetic and mechanistic informations about the reactions in solution can be studied using reactors coupled to the ion-source. The first online mass spectrometric investigation in electrochemical reactions using thermospray ionization was reported in 1986 [76]. It proved the potential-dependent formation of dimers and trimers in the electrooxidation of N,N-dimethylaniline in an aqueous solution. Another example of online investigations is the reaction of ferric bleomycin and iodosylbenzene that was given by Sam and coworkers [77] in 1995, where a low dead volume mixing tee directly attached to the spray source was used. This feature provides mass-specific characterization of stable products and reactive intermediates with lifetimes down to the millisecond time regime, and subtle changes in the reactional medium can also be observed. The simplest reactor online coupled to the mass spectrometer is the own syringe. It allows screening the reaction in real time, and trapping of transient species. Several groups have developed different devices to study the mechanism in solution of radical initiated, photochemical, electrochemical and organometallic reactions, reducing the transit time of the species during the experiments.





5.1.2. Microreactor


5.1.2.1. Peek mixing tee as microreactor


An interesting commercially available PEEK mixing tee (Alltech, USA) can be seen as a useful microreactor [78,79]. It can be directly connected to the ESI spray capillary, and allows covering reaction times from 0.7 to 28 s in a continuous-flow mode. Longer reaction times can easily be covered introducing a fused silica transfer capillary of variable length between the microreactor and the spray capillary. The reaction time is controlled by flow rates from syringes, and by capillary diameters. The chemical reaction in this system takes place by mixing two liquid flows containing the substrate and the reagent in the close proximity of the ionization source. In the moment of mixing both solutions, the reaction is initiated and the mass spectra of the reacting solution under steady state conditions can be acquired (Figure 11).






5.2. Detection of MBH cycle intermediates


Using ESI–MS in both the positive and negative ion modes, we and coworkers have online monitored MBH reactions. All the proposed intermediates for the catalytic cycle of the MBH reaction (1-7, Scheme 2) were for the first time successfully intercepted and structurally characterized. The MBH reactions were performed in a sealed syringe as the reactional medium directly coupled to ion-source [80]. The proposed intermediates for the catalytic cycle of the reaction (Scheme 26) were successfully intercepted and structurally characterized for the first time using ESI–MS and MS/MS. Strong evidence was collected corroborating the currently accepted mechanism [8,81,82,83].




5.3. Morita–Baylis–Hillman reaction co-catalyzed by ionic liquids


In a similar manner, online monitoring of Morita–Baylis–Hillman reactions co-catalyzed by ionic liquids was applied to gently fish from solution to the gas phase supramolecular species responsible for the co-catalytic role of ionic liquids in the reaction, Scheme 27 [84]. Several supramolecular species formed by coordination of reagents and products were trapped, identified and characterized via MS analysis and MS/MS dissociations. Via competitive experiments, it was also reported the efficiency order of different co-catalysts: BMI.CF3CO2 > BMI.BF4 > BMI.PF6, which was the opposite to that observed by Afonso [85] in the liquid phase. Based on the interception of these unprecedented supramolecular species, it was proposed that 1,3-dialkylimidazolium ionic liquids function as efficient co-catalysts for the reaction by: (i) activating the aldehyde toward nucleophilic attack via BMI coordination (species 32+) and (ii) by stabilizing the zwitterionic species that act as the main BH intermediates through supramolecular coordination (species 33+, 34+, 35+ and 37+).




5.4. Dualistic nature of Morita–Baylis–Hillman reaction probed by ESI–MS


Recently, Eberlin and coworkers employed ESI–MS(/MS) monitoring to intercept and characterize new key intermediates for the rate determining step of MBH reactions [86]. These ESI–MS data provide evidence supporting these recent suggestions based on kinetic experiments and theoretical calculations for the dualist nature of the elimination step of the MBH reaction mechanism depicted in Scheme 28. The new kinetic evidence has stimulated theoretical studies on the MBH reaction mechanism. These studies suggested that step IV can occur via two pathways: a) in the absence of a proton source, elimination is assisted by a second molecule of aldehyde as proposed by McQuade (Scheme 3); b) In presence of a proton source such as an alcohol, however, the elimination proceeds via intermediate 40 or a similar species, as proposed by Aggarwal (Scheme 4).



These mechanistically important new propositions about the elimination step of the MBH reaction have therefore stimulated us to perform complementary ESI–MS(/MS) investigations aiming to intercept and characterize the new MBH reaction intermediates postulated for the dualist nature of the key RDS elimination pathway. After 10 min of reaction, an aliquot of a MBH reaction solution was diluted in acetonitrile and its ESI–MS collected. Intermediate 38a (R = Ph) proposed by McQuade [14] from the nucleophilic attack of the MBH alkoxyde to the aldehyde (Scheme 29) was intercepted as [38a + Na]+ of m/z 433. Considering Aggarwal’s proposal [15] for proton sources, the MBH reaction was monitored with the same experimental protocol using 1,1´-bi-2-naphthol (BINOL), ESI–MS off-line monitoring of the reaction detected a new species corresponding to [38 + H]+ (R2OH = BINOL) at m/z 449. The interception and characterization of [38 + H]+ agreed with Aggarwal’s proposal that a proton source participates in the elimination step by assisting the removal of the base. The “fishing” and structural characterization of these key intermediates exemplifies the complex equilibrations occurring during MBH reactions.




5.5. (Thio)ureas catalyzed Morita–Baylis–Hillman reaction analyzed by ESI–MS


The catalytic role of (thio)ureas on the mechanism of the MBH reaction leading to the impressive improvements in yield, rate and enantioselectivity (see Section 4) was still unclear. Based on ESI–MS(/MS) monitoring and DFT calculations, Eberlin and coworkers proposed a new mechanism for the role of (thio)ureas on the organocatalysis of MBH reactions [87]. An MBH reaction catalyzed by (thio)urea was monitored and key intermediates were intercepted and characterized (Figure 12). The intermediates were intercepted in almost all steps of the MBH cycle proving the participation of (thio)urea as organocatalyst. These key ESI–MS(/MS) findings indicated therefore that (thio)urea participated on the RDS, that is, on the proton transfer step. DFT calculations, performed for a model MBH reaction between formaldehyde and acrolein and trimethylamine as base, either with the presence or the absence of (thio)urea, suggested that (thio)urea accelerated MBH reactions by significantly decreasing the TS energies of all reaction steps in the catalytic cycle, including therefore the rate-limiting proton transfer step. Based on the combined ESI–MS(/MS) and DFT results, a new proposal for the catalytic role of (thio)urea in the MBH reaction was presented (Scheme 30).





6. Conclusions


In the last years great effort has gone into the search for methods to improve the yield and shorten the reaction times, and especially the search of asymmetric inductors or catalysts for MBH reactions. Many combinations of temperature, solvent and additives such as Bronsted or Lewis acids and bases have been tested. Several catalysts including phosphines, tertiary amines, binols, amino acids, enzymes and (thio)ureas for MBH reactions have been described. Some synergistic effects were observed, and several mechanisms based on different catalysts have been proposed. The dual mechanism of MBH was also probed by online ESI–MS(/MS), as well as the role of ionic liquids as additives and the participation of the (thio)urea as organocatalysts. Although great progress in the mechanism and the discovery of different methods to improve the yields and reaction rates of this versatile reaction has been done, there is much room for catalytic asymmetric methods to further extend the scope of this useful reaction. Online purification will undoubtedly contribute to the importance of API–MS for future studies of labile and sensitive intermediates in solution, with no need for previous purification or isolation for further characterization of active species, reactive intermediates, and products. Such new MS techniques are being used to probe mechanisms of these reactions of fundamental importance and practical use by transferring the reaction intermediates directly from solution to the gas phase. The mechanistic aspects revealed can assist in the design of new catalysts for this important organic reaction.







Acknowledgements


L.S.S. and V.C.S. thank FONDECYT (Project 1085308) for support of research activity. Programa de doctorado en Productos Bioactivos is also aknowledged by financial support (V.C.S.).




References and Notes


	



Das, B.; Chowdhury, N.; Banerjee, J.; Anjoy, M. A facile one-pot stereoselective synthesis of trisubstituted (E)-2-methylalk-2-enoic acids from unactivated Baylis−Hillman adducts and a simple access to some important insect pheromones. Tetrahedron Lett. 2006, 47, 6615–6618. [Google Scholar] [CrossRef]

	



Amarante, G.W.; Rezende, P.; Cavallaro, M.; Coelho, F. Acyloins from Morita−Baylis−Hillman adducts: an alternative approach to the racemic total synthesis of bupropion. Tetrahedron Lett. 2008, 49, 3744–3748. [Google Scholar] [CrossRef]

	



Wasnaire, P.; Wiaux, M.; Touillaux, R.; Markó, I.E. Reductive cyclisation of Morita−Baylis−Hillman adducts. A simple approach towards substituted hydrindanones and decalones. Tetrahedron Lett. 2006, 47, 985–989. [Google Scholar] [CrossRef]

	



Masson, G.; Housseman, C.; Zhu, J. The enantioselective Morita−Baylis−Hillman reaction and its aza counterpart. Angew. Chem. Int. Ed. 2007, 46, 4614–4628. [Google Scholar] [CrossRef] [PubMed]

	



Basavaiah, D.; Rao, A.J.; Satyanarayana, T. Recent advances in the Baylis−Hillman reaction and applications. Chem. Rev. 2003, 103, 811–892. [Google Scholar] [CrossRef] [PubMed]

	



Basavaiah, D.; Rao, D.P.; Hyma, R.S. The Baylis−Hillman reaction: a novel carbon-carbon forming reaction. Tetrahedron 1996, 52, 8001–8062. [Google Scholar] [CrossRef]

	



Declerck, V.; Martinez, J.; Lamaty, F. Aza-Baylis−Hillman Reaction. Chem. Rev. 2009, 109, 1–48. [Google Scholar] [CrossRef] [PubMed]

	



Hill, J.S.; Isaacs, N.S. Mechanism of substitution reactions of acrylic derivatives. J. Phys. Org. Chem. 1990, 3, 285–288. [Google Scholar] [CrossRef]

	



Denmark, S.E.; Gregory, L.B. Lewis base catalysis in organic synthesis. Angew. Chem. Int. Ed. 2008, 47, 1560–1638. [Google Scholar] [CrossRef] [PubMed]

	



Marko, I.E.; Giles, P.R.; Hindley, N.J. Catalytic enantioselective Baylis−Hillman reactions. Correlation between pressure and enantiomeric excess. Tetrahedron 1997, 53, 1015–1024. [Google Scholar] [CrossRef]

	



Drewes, S.E.; Njamela, O.L.; Emslie, N.D.; Ramesar, N.; Field, J.S. Intramolecular Baylis−Hillman reaction: A pathway to substituted coumarins. Synth. Commun. 1993, 23, 2807–2815. [Google Scholar] [CrossRef]

	



Krafft, M.E.; Haxell, T.F.N.; Seibert, K.A.; Abboud, K.A. Mechanistic Implications in the Morita−Baylis−Hillman alkylation: Isolation and characterization of an Intermediate. J. Am. Chem. Soc. 2006, 128, 4174–4175. [Google Scholar] [CrossRef] [PubMed]

	



Price, K.E.; Broadwater, S.J.; Jung, H.M.; McQuade, D.T. Baylis−Hillman mechanism: A new Interpretation in aprotic solvents. Org. Lett. 2005, 7, 147–150. [Google Scholar] [CrossRef] [PubMed]

	



Price, K.E.; Broadwater, S.J.; Walker, B.J.; McQuade, D.T. A new interpretation of the Baylis−Hillman mechanism. J. Org. Chem. 2005, 70, 3980–3987. [Google Scholar] [CrossRef] [PubMed]

	



Aggarwal, V.K.; Fulford, S.Y.; Lloyd-Jones, G.C. Re-evaluation of the mechanism of the Baylis−Hillman reaction - implications for asymmetric catalysis. Angew. Chem. Int. Ed. 2005, 44, 1706–1708. [Google Scholar] [CrossRef] [PubMed]

	



Robiette, R.; Aggarwal, V.K.; Harvey, J.N. Mechanism of the Morita−Baylis−Hillman reaction: A computational investigation. J. Am. Chem. Soc. 2007, 129, 15513–15525. [Google Scholar] [CrossRef] [PubMed]

	



Roy, D.; Sunoj, R.B. Ab Initio and density functional theory evidence on the rate-limiting step in the Morita−Baylis−Hillman reaction. Org. Lett. 2007, 9, 4873–4876. [Google Scholar] [CrossRef] [PubMed]

	



Teng, W.D.; Huang, R.; Kwong, C.K.W.; Shi, M.; Toy, P.H. Influence of Michael acceptor stereochemistry on intramolecular Morita−Baylis−Hillman reactions. J. Org. Chem. 2006, 71, 368–371. [Google Scholar] [CrossRef] [PubMed]

	



Nag, S.; Singh, V.; Batra, S. Studies on the Baylis−Hillman reaction of pyrazolecarbaldehydes under the influence of DABCO: positional effect on the reactivity of the formyl group. ARKIVOC 2007, 14, 185–203. [Google Scholar]

	



Balan, D.; Adolfsson, H. Titanium Isopropoxide as efficient catalyst for the Aza-Baylis−Hillman Reaction. Selective formation of b-methylene-a-amino acid derivatives. J. Org. Chem. 2002, 67, 2329–2334. [Google Scholar] [CrossRef] [PubMed]

	



Sorbetti, J.M.; Clary, K.N.; Rankic, D.A.; Wulff, J.E.; Parvez, M.; Back, T.G. Aza-Morita−Baylis−Hillman reactions and cyclizations of conjugated dienes activated by sulfone, ester, and keto groups. J. Org. Chem. 2006, 71, 368–371. [Google Scholar]

	



Shang, Y.; Wang, D.; Wu, J. Novel Sc(OTf)3/3-HQD catalyst for Morita–Baylis–Hillman reaction. Synth. Commun. 2009, 1, 1035–1045. [Google Scholar] [CrossRef]

	



Shi, M.; Chen, L.H.; Li, C.Q. Chiral phosphine Lewis bases catalyzed asymmetric aza-Baylis-Hillman reaction of N-sulfonated imines with activated olefins. J. Am. Chem. Soc. 2005, 127, 3790–3800. [Google Scholar] [CrossRef] [PubMed]

	



Matsui, K.; Tanaka, K.; Horiia, A.; Takizawa, S.; Sasai, H. Conformational lock in a Brønsted acid–Lewis base organocatalyst for the aza-Morita–Baylis–Hillman reaction. Tetrahedron Asymmetry 2006, 17, 578–583. [Google Scholar] [CrossRef]

	



Iwabuchi, Y.; Nakatani, M.; Yokoyama, N.; Hatakeyama, S. Chiral amine-catalyzed asymmetric Baylis−Hillman reaction: A reliable route to highly enantiomerically enriched (alpha-Methylene-beta-hydroxy)esters. J. Am. Chem. Soc. 1999, 121, 10219–10220. [Google Scholar] [CrossRef]

	



Sohtome, Y.; Tanatani, A.; Hashimoto, Y.; Kazuo, N. Development of bis-thiourea-type organocatalyst for asymmetric Baylis−Hillman reaction. Tetrahedron Lett. 2004, 45, 5589–5592. [Google Scholar] [CrossRef]

	



Connon, S.J. Organocatalysis mediated by (thio)urea derivatives. Chem. Eur. J. 2006, 12, 5418–5427. [Google Scholar] [CrossRef] [PubMed]

	



Jones, C.E.S.; Turega, S.M.; Clarke, M.L.; Philp, D. A rationally designed cocatalyst for the Morita−Baylis−Hillman reaction. Tetrahedron Lett. 2008, 49, 4666–4669. [Google Scholar] [CrossRef]

	



Perlmutter, P.; Teo, C.C. A simple synthesis of 2-methylidene-3-aminopropanoates. Tetrahedron Lett. 1984, 25, 5951–5952. [Google Scholar] [CrossRef]

	



Shi, M.; Ma, G.N.; Gao, J. Chiral bifunctional organocatalyst in asymmetric Aza-Morita−Baylis−Hillman reactions of ethyl (Arylimino)acetates with methyl vinyl ketone and ethyl vinyl ketone. J. Org. Chem. 2007, 72, 9779–9781. [Google Scholar] [CrossRef] [PubMed]

	



Shi, M.; Chen, L.H.; Teng, W.D. Asymmetric aza-Morita−Baylis−Hillman reaction of N-sulfonated imines with methyl vinyl ketone catalyzed by chiral phosphine lewis bases bearing perfluoroalkanes as "Pony tails". Adv. Synth. Catal. 2005, 347, 1781–1789. [Google Scholar] [CrossRef]

	



Shi, M.; Qi, M.J.; Liu, X.G. Asymmetric catalytic aza-Morita−Baylis−Hillman reaction (aza-MBH): an interesting functional group-caused reversal of asymmetric induction. Chem. Commun. 2008, 6025–6027. [Google Scholar] [CrossRef] [PubMed]

	



Abermil, N.; Masson, G.; Zhu, J. Highly enantioselective aza Morita−Baylis−Hillman reaction catalyzed by bifunctional β-isocupreidine derivatives. J. Am. Chem. Soc. 2008, 130, 12596–12597. [Google Scholar] [CrossRef] [PubMed]

	



Utsumi, N.; Zhang, H.; Tanaka, F.; Barbas, C.F. A way to highly enantiomerically enriched aza-Morita−Baylis−Hillman-type products. Angew. Chem. Int. Ed. 2007, 46, 1878–1880. [Google Scholar] [CrossRef] [PubMed]

	



Kwong, C.K.W.; Huang, R.; Zhang, M.; Shi, M.; Toy, P.H. Bifunctional polymeric organocatalysts and their application in the cooperative catalysis of Morita−Baylis−Hillman reactions. Chem. Eur. J. 2007, 13, 2369–2376. [Google Scholar] [CrossRef] [PubMed]

	



Reetz, M.T.; Mondiere, R.; Carballeira, J.D. Enzyme promiscuity: first protein-catalyzed Morita−Baylis−Hillman reaction. Tetrahedron Lett. 2007, 48, 1679–1681. [Google Scholar] [CrossRef]

	



Pegot, B.; Vo-Thanh, G.; Gori, D.; Loupy, A. First application of chiral ionic liquids in asymmetric Baylis−Hillman reaction. Tetrahedron Lett. 2004, 45, 6425–6428. [Google Scholar] [CrossRef]

	



Gausepohl, R.; Buskens, P.; Kleinen, J.; Bruckmann, A.; Lehmann, C.W.; Klankermayer, J.; Leitner, W. Highly enantioselective Aza-Baylis−Hillman reaction in a chiral reaction medium. Angew. Chem. Int. Ed. 2006, 45, 3689–3692. [Google Scholar] [CrossRef] [PubMed]

	



Porto, R.S.; Amarante, G.W.; Cavallaro, M.; Poppi, R.; Coelho, F. Improved catalysis of Morita−Baylis−Hillman reaction.The strong synergic effect using both an imidazolic ionic liquid and a temperature. Tetrahedron Lett. 2009, 50, 1184–1187. [Google Scholar] [CrossRef]

	



Suryanarayana, C. Materials and process design through mechanochemical routes. Prog. Mat. Sci. 2001, 46, 1–184. [Google Scholar] [CrossRef]

	



Mack, J.; Shumba, M. Rate enhancement of the Morita−Baylis−Hillman reaction through mechanochemistry. Green Chem. 2007, 9, 328–330. [Google Scholar] [CrossRef]

	



Acke, D.R.J.; Stevens, C.V. Study of the Baylis−Hillman reaction in a microreactor environment: first continuous production of Baylis−Hillman adducts. Org. Process Res. Dev. 2006, 10, 417–422. [Google Scholar] [CrossRef]

	



Santos, L.S. Online mechanistic Investigations of catalyzed reactions by electrospray ionization mass spectrometry: A tool to intercept transient species in solution. Eur. J. Org. Chem. 2008, 235–253. [Google Scholar] [CrossRef]

	



Santos, L.S.; Rosso, G.B.; Pilli, R.A.; Eberlin, M.N. The mechanism of the Stille reaction Investigated by electrospray ionization mass spectrometry. J. Org. Chem. 2007, 72, 5809–5812. [Google Scholar] [CrossRef] [PubMed]

	



Abella, C.A.M.; Benassi, M.; Santos, L.S.; Eberlin, M.N.; Coelho, F. The mechanism of Troger’s base formation probed by electrospray ionization mass spectrometry. J. Org. Chem. 2007, 72, 4048–4054. [Google Scholar] [CrossRef] [PubMed]

	



Santos, L.S.; Knaack, L.; Metzger, J.O. Investigation of chemical reactions in solution using API-MS. Int. J. Mass Spectrom. 2005, 246, 84–104. [Google Scholar] [CrossRef]

	



Chen, P. Electrospray ionization tandem mass spectrometry in high-throughput screening of homogeneous catalysts. Angew. Chem. Int. Ed. 2003, 42, 2832–2847. [Google Scholar] [CrossRef] [PubMed]

	



Eberlin, M.N. Electrospray ionization mass spectrometry: a major tool to investigate reaction mechanisms in both solution and the gas phase. Eur. J. Mass Spectrom. 2007, 13, 19–28. [Google Scholar] [CrossRef] [PubMed]

	



Fenn, J.B.; Mann, M.; Meng, C.K.; Wong, S.F.; Whitehouse, C.M. Electrospray ionization-principles and practice. Mass Spectrom. Rev. 1990, 9, 37–70. [Google Scholar] [CrossRef]

	



Fenn, J.B. Electrospray wings for molecular elephants. Angew. Chem. Int. Ed. 2003, 42, 3871–3894. [Google Scholar] [CrossRef] [PubMed]

	



Kebarle, P.; Tang, L. From ions in solution to ions in the gas phase. Anal. Chem. 1993, 65, 972–986. [Google Scholar] [CrossRef]

	



Gaskell, S.J. Electrospray: principles and practice. J. Mass Spectrom. 1997, 32, 677–688. [Google Scholar] [CrossRef]

	



Jones, J.L.; Dongre, A.R.; Somogyi, A.; Wysocki, V.H. Sequence dependence of peptide fragmentation efficiency curves determined by electrospray-ionization surface-induced dissociation mass-spectrometry. J. Am. Chem. Soc. 1994, 116, 8368–8369. [Google Scholar] [CrossRef]

	



De la Mora, J.F.; Van Berckel, G.J.; Enke, C.G.; Cole, R.B.; Martinez-Sanchez, M.B.; Fenn, J.B. Electrochemical processes in electrospray ionization mass spectrometry - Discussion. J. Mass Spectrom. 2000, 35, 939–952. [Google Scholar] [CrossRef]

	



Van Berkel, G.J. The Electrolytic Nature of Electrospray. In Electrospray Ionization Mass Spectrometry, 2nd Edition; Cole, R.B, Ed.; Wiley: New York, NY, USA, 1997; pp. 65–105. [Google Scholar]

	



KaneMaguire, L.A.P.; Kanitz, R.; Sheil, M.M. Electrospray mass spectrometry of neutral pi-hydrocarbon organometallic complexes. Inorg. Chim. Acta 1996, 245, 209–214. [Google Scholar] [CrossRef]

	



Vandell, V.E.; Limbach, P.A. Electrospray ionization mass spectrometry of metalloporphyrins. J. Mass Spectrom. 1998, 33, 212–220. [Google Scholar] [CrossRef]

	



Lavanant, H.; Hecquet, E.; Hoppilliard, Y. Complexes of L-histidine with Fe2+, Co2+, Ni2+, Cu2+, Zn2+ studied by electrospray ionization mass spectrometry. Int. J. Mass Spectrom. 1999, 187, 11–23. [Google Scholar] [CrossRef]

	



Van Berkel, G.J.; Giles, G.E.; Bullock, J.S.; Gray, L.J. Computational simulation of redox reactions within a metal electrospray emitter. Anal. Chem. 1999, 71, 5288–5296. [Google Scholar] [CrossRef] [PubMed]

	



Van Berkel, G.J.; Asano, K.G.; Schnier, P.D. Electrochemical processes in a wire-in-a-capillary bulk-loaded, nano-electrospray emitter. J. Am. Soc. Mass Spectrom. 2001, 12, 853–862. [Google Scholar] [CrossRef]

	



Van Berkel, G.J.; Asano, K.G.; Kertesz, V. Enhanced study and control of analyte oxidation in electrospray using a thin-channel, planar electrode emitter. Anal. Chem. 2002, 74, 5047–5056. [Google Scholar] [CrossRef] [PubMed]

	



Van Berkel, G.J.; Asano, K.G.; Gragner, M.C. Controlling analyte electrochemistry in an electrospray ion source with a three-electrode emitter cell. Anal. Chem. 2004, 76, 1493–1499. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, K.; Zimmerman, D.M.; Chung-Phillips, A.; Cassady, C.J. Experimental and ab initio studies of the gas-phase basicities of polyglycines. J. Am. Chem. Soc. 1993, 115, 10812–10822. [Google Scholar] [CrossRef]

	



Blades, A.T.; Jayaweera, P.; Ikonomou, M.G.; Kebarle, P. Studies of alkaline-earth and transition-metal M+2 gas-phase ion chemistry. J. Chem. Phys. 1990, 92, 5900–5906. [Google Scholar] [CrossRef]

	



Gianelli, L.; Amendola, V.; Fabbrizzi, L.; Pallavicini, P.; Mellerio, G.G. Investigation of reduction of Cu(II) complexes in positive-ion mode electrospray mass spectrometry. Rapid Commun. Mass Spectrom. 2001, 15, 2347–2353. [Google Scholar] [CrossRef]

	



Vachet, R.W.; Hartman, J.A.R.; Callahan, J.H. Ion-molecule reactions in a quadrupole ion trap as a probe of the gas-phase structure of metal complexes. J. Mass Spectrom. 1998, 33, 1209–1225. [Google Scholar] [CrossRef]

	



Vachet, R.W.; Callahan, J.H. Gas, solution, and solid state coordination environments for the nickel(II) complexes of a series of aminopyridine ligands of varying coordination number. Inorg. Chim. Acta 2000, 297, 79–87. [Google Scholar]

	



Vachet, R.W.; Hartman, J.R.; Gertner, J.W.; Callahan, J.H. Investigation of metal complex coordination structure using collision-induced dissociation and ion-molecule reactions in a quadrupole ion trap mass spectrometer. Int. J. Mass Spectrom. 2001, 204, 101–112. [Google Scholar] [CrossRef]

	



Hartman, J.R.; Vachet, R.W.; Pearson, W.; Wheat, R.J.; Callahan, J.H. A comparison of the gas, solution, and solid state coordination environments for the copper(II) complexes of a series of aminopyridine ligands of varying coordination number. Inorg. Chim. Acta 2003, 343, 119–132. [Google Scholar] [CrossRef]

	



Schäfer, A.; Fischer, B.; Paul, H.; Bosshard, R.; Hesse, M.; Viscontini, M. Pterin Chemistry.94. electrospray-ionization mass-spectrometry - Detection of a radical cation present in solution - New results on the chemistry of (tetrahydropteridinone)-metal complexes. Helv. Chim. Acta 1992, 75, 1955–1964. [Google Scholar] [CrossRef]

	



Schäfer, A.; Paul, H.; Fischer, B.; Hesse, M.; Viscontini, M. Reaction of 5,6,7,8-tetrahydropterin with Iron(III) acetylacetonate - Detection of radical Cations by electrospray-ionization mass-spectrometry. Helv. Chim. Acta 1995, 78, 1763–1776. [Google Scholar] [CrossRef]

	



Aliprantis, A.O.; Canary, J.W. Observation of catalytic Intermediates in the Suzuki reaction by electrospray mass-spectrometry. J. Am. Chem. Soc. 1994, 116, 6985–6986. [Google Scholar] [CrossRef]

	



Moreno-Manas, M.; Perez, M.; Pleixats, R. Palladium-catalyzed Suzuki-type self-coupling of arylboronic acids.A mechanistic study. J. Org. Chem. 1996, 61, 2346–2351. [Google Scholar] [CrossRef]

	



Hinderling, C.; Chen, P. Rapid screening of olefin polymerization catalyst libraries by electrospray ionization tandem mass spectrometry. Angew. Chem. Int. Ed. 1999, 38, 2253–2556. [Google Scholar] [CrossRef]

	



Hinderling, C.; Chen, P. Mass spectrometric assay of polymerization catalysts for combinational screening. Int. J. Mass Spectrom. 2000, 195, 377–383. [Google Scholar] [CrossRef]

	



Hambitzer, G.; Heitbaum, J. Electrochemical thermospray mass spectrometry. Anal. Chem. 1986, 58, 1067–1070. [Google Scholar] [CrossRef]

	



Sam, J.W.; Tang, X.J.; Magliozzo, R.S.; Peisach, J. Electrospray mass-spectrometry of iron bleomycin-II - Investigation of the reaction of Fe(III) bleomycin with iodosylbenzene. J. Am. Chem. Soc. 1995, 117, 1012–1218. [Google Scholar] [CrossRef]

	



Griep-Raming, J.; Meyer, S.; Bruhn, T.; Metzger, J.O. Investigation of reactive intermediates of chemical reactions in solution by electrospray ionization mass spectrometry: radical chain reactions. Angew. Chem. Int. Ed. 2002, 41, 2738–2742. [Google Scholar] [CrossRef]

	



Meyer, S.; Metzger, J.O. Use of electrospray ionization mass spectrometry for the investigation of radical cation chain reactions in solution: detection of transient radical cations. Anal. Bioanal. Chem. 2003, 377, 1108–1114. [Google Scholar] [CrossRef] [PubMed]

	



Santos, L.S.; Pavam, C.H.; Almeida, W.P.; Coelho, F.; Eberlin, M.N. Probing the mechanism of the Baylis-Hillman reaction by electrospray ionization mass and tandem mass spectrometry. Angew. Chem. Int. Ed. 2004, 43, 4330–4333. [Google Scholar] [CrossRef] [PubMed]

	



Hoffmann, H.M.R.; Rabe, J. A new, efficient and stereocontrolled synthesis of trisubstituted alkenes via functionalized acrylic esters. Angew. Chem. Int. Ed. 1983, 22, 796–797. [Google Scholar]

	



Bode, M.L.; Kaye, P.T. A kinetic and mechanistic study of the Baylis−Hillman reaction. Tetrahedron Lett. 1991, 32, 5611–5614. [Google Scholar] [CrossRef]

	



Fort, Y.; Berthe, M.C.; Caubere, P. The Baylis−Hillman reaction-Mechanism and applications revisited. Tetrahedron Lett. 1992, 48, 6371–6384. [Google Scholar] [CrossRef]

	



Santos, L.S.; DaSilveira Neto, B.A.; Consorti, C.S.; Pavam, C.H.; Almeida, W.P.; Coelho, F.; Dupont, J.; Eberlin, M.N. The role of ionic liquids in co-catalysis of Baylis−Hillman reaction: Interception of supramolecular species via electrospray ionization mass spectrometry. J. Phys. Org. Chem. 2006, 19, 731–736. [Google Scholar] [CrossRef]

	



Rosa, J.N.; Afonso, C.A.M.; Santos, A.G. Ionic liquids as a recyclable reaction medium for the Baylis-Hillman reaction. Tetrahedron Lett. 2001, 57, 4189–4193. [Google Scholar] [CrossRef]

	



Amarante, G.W; Milagre, H.M; Vaz, B.G; Vilacha Ferreira, B.R.; Eberlin, M.N.; Coelho, F. Dualistic nature of the mechanism of the Morita-Baylis-Hillman reaction probed by electrospray ionization mass spectrometry. J. Org. Chem. 2009, 74, 3031–3037. [Google Scholar] [CrossRef] [PubMed]

	



Amarante, G.W.; Benassi, M.; Milagre, H.M.S.; Braga, A.A.C.; Maseras, F.; Eberlin, M.N.; Coelho, F. Brønsted Acid-catalyzed Morita-Baylis-Hillman reaction: A new mechanistic view for (Thio)ureas revealed by ESI-MS monitoring and DFT calculations. Chem. Eur. J. 2009. [Google Scholar] [CrossRef] [PubMed]






	
Sample Availability: Not available.










[image: Molecules 14 03989 sch001 550]





Scheme 1. General scope of the Morita-Baylis-Hillman reaction. 
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Scheme 2. Currently accepted catalytic cycle for the MBH reaction. 
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Figure 1. Isolated MBH intermediates 6 as proposed by Isaac. 
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Scheme 3. Mechanism involving a hemiacetal intermediate as proposed by McQuade [13,14]. 
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Scheme 4. Proposed mechanism involving a six-membered intermediate by Aggarwal [15]. 
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Figure 2. Influence of the stereochemistry of the Michael acceptor in the MBH reaction. 
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Figure 3. Isoxazolecarbaldehydes used in MBH reactions. 
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Scheme 5. MBH reaction of pyrazolecarbaldehydes. 
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Scheme 6. MBH reactions of iodo-pyrazolecarbaldehydes. 
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Scheme 7. MBH reaction between methyl acrylate and sulfonamides in presence of 3-HQD and titanium isopropoxide. 
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Scheme 8. Aza-MBH reaction of substituted imines with several activated conjugated dienes. 
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Scheme 9. Aza-MBH reaction of substituted imines with compounds 15 and 16 followed by cyclization. 
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Scheme 10. MBH reaction between several aromatic aldehydes and activated alkenes catalyzed by Sc(OTf)3 and 3-HQD. 
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Figure 4. Urea and (thio)urea type organocatalysts used for MBH reaction between cyclohexenone and benzaldehyde. 
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Scheme 11. MBH reaction catalyzed by urea or (thio)urea catalysts. 
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Scheme 12. Reaction between cyclohexenone and 4-fluorobenzaldehyde catalyzed by DMAP and 19. 






Scheme 12. Reaction between cyclohexenone and 4-fluorobenzaldehyde catalyzed by DMAP and 19.



[image: Molecules 14 03989 sch012]







[image: Molecules 14 03989 g005 550]





Figure 5. Aldehydes used in MBH reactions catalyzed by bis(thio)urea catalyst 16. 
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Figure 6. Bis(thio)urea type organocatalysts for the MBH reaction between cyclohexenone and 4-fluorobenzaldehyde catalyzed by DMAP. 
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Figure 7. Several Biphenols derivatives used as catalyst for MBH reaction between methyl vinyl ketone and phenyl N-tosylimine. 
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Scheme 13. Mechanism of MBH reaction methyl vinyl ketone and phenyl-N-tosylimine catalyzed by (S)-3-(N-Isopropyl-N-3-pyridinylaminomethyl)BINOL (27). 
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Scheme 14. Proposed MBH reaction of methyl vinyl ketone with N-tosylimine catalyzed by the diphenylphosphino binaphthalenol 28. 
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Scheme 15. MBH reaction of methyl vinyl and ethyl vinyl ketones with N-tosylimines catalyzed by 28. 
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Scheme 16. MBH reaction of methyl vinyl ketones with N-tosylimines catalyzed by 29. 
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Scheme 17. MBH reaction between N-tosylsalicylaldehyde and an, α,β-unsaturated ketone catalyzed by isocupreidine. 
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Scheme 18. MBH reactions of aromatic imines catalyzed by ICPD derived catalyst and β-naphthol derivative. 
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Scheme 19. Aza-MBH reactions from β-substituted-α,β-unsaturated aldehydes and imino esters catalyzed by proline and/or imidazole. 
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Scheme 20. Proposed mechanism for MBH reactions from β-substituted-α,β-unsaturated aldehyde and imino esters catalyzed by proline. 
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Figure 8. Polymer catalyzed MBH reaction. 
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Scheme 21. MBH reaction catalyzed by enzymes. 
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Scheme 22. Asymmetric Morita–Baylis–Hillman reaction between benzaldehyde and methyl acrylate using ionic liquids as reaction media. 
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Figure 9. Methyltrioctylammonium dimalatoborate, an efficient ionic liquid developed for chiral induction of MBH reaction between methyl vinyl ketone and N-(4-bromobenzylidene)-4-toluenesulfonamide. 
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Scheme 23. Isopropylidene D-glyceraldehyde and methyl acrylate catalyzed by DABCO and the ionic liquid (Bmim).PF6 as additive. 
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Figure 10. (a) SPEX 8000 mixer/mill in the assembled condition. (b) Tungsten carbide vial set consisting of the vial, lid, gasket, and balls. Courtesy of SPEX CertiPrep, Metuchen, NJ, USA. Reproduced with permission from reference [40]. 
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Scheme 24. MBH reaction obtained by high speed ball milling. 
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Scheme 25. MBH reaction between 4-nitrobenzaldehyde and methyl acrylate obtained online using a microreactor. 
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Figure 11. The microreactor allows the effective mixing of the reactants in solution and is coupled directly to the electrospray ion source. 
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Scheme 26. Mechanism of Baylis–Hillman reaction of methyl acrylate (2a) and aldehydes 4a,b catalyzed by DABCO (1a). The protonated species expected to be intercepted and structurally characterized by ESI(+)–MS/MS, with their respective m/z ratios. 






Scheme 26. Mechanism of Baylis–Hillman reaction of methyl acrylate (2a) and aldehydes 4a,b catalyzed by DABCO (1a). The protonated species expected to be intercepted and structurally characterized by ESI(+)–MS/MS, with their respective m/z ratios.



[image: Molecules 14 03989 sch026]







[image: Molecules 14 03989 sch027 550]





Scheme 27. Morita–Baylis–Hillman reaction of methyl acrylate (2a) and 2-thiazolecarboxaldehyde (23) co-catalyzed by both DABCO (1a) and an ionic liquid BMI.X (X = BF4˜, PF6˜, CF3CO2˜). 
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Scheme 28. MBH reactions and the dualistic nature of the rate-determining step (RDS) elimination step. 
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Scheme 29. Species characterized by off-line ESI–MS(/MS) monitoring for a MBH after 10 min of reaction. 
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Figure 12. ESI(+)–MS of the MBH reaction solution co-catalyzed by a (thio)urea. 
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Scheme 30. Proposal based on the ESI–MS(/MS) data for the catalytic role of (thio)urea in MBH reactions. 
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