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The aldol reaction catalyzed by L-proline has been monitored

and the accepted mechanism confirmed by intercepting and

characterizing, for the first time, all the proposed intermediates

by ESI-MS/MS.

Certain small metal-free organic compounds are able to catalyze

organic reactions in a fashion similar to enzymes or transition

metals. As clear advantages, these compounds tend to be less

expensive, easier to obtain and do not require the specific reaction

conditions of the enzymes. At the same time, their chemistry is

cleaner than that of the transition metals. These factors have

provoked an increased interest in the scientific community in

organocatalytic processes and their reaction mechanisms.1

Electrospray ionization (ESI)2,3 is an interesting technique of

mass spectrometry (MS), as both positive and negative ions

formed in solution can be transferred directly to the gas phase.4

Due to a variety of distinctive characteristics, ESI-MS and its

tandem version ESI-MS/MS are rapidly becoming suitable tools

for the detection and mass spectrometric characterization of

reaction intermediates directly from solution,5–9 providing

advances in mechanistic studies in chemistry and biochemistry10

and in high throughput screening of homogeneous catalysis

reactions.11 Recently, Santos et al. reported their ESI-MS studies

of the organocatalytic Baylis–Hillman reaction in which most

intermediates could be intercepted as protonated species and

characterized by ESI-MS/MS.9

The aldol reaction is recognized as a powerful tool for the

construction of new carbon–carbon bonds,12 and its organo-

catalysis has been studied thoroughly.13–18 However, it is

noteworthy that, to the best of our knowledge, the intermediates

have not been unequivocally intercepted and characterized. The

catalytic cycle currently accepted for this reaction has been

proposed to proceed via the formation of an adduct intermediate 5

between the L-proline and the acetone 1, producing an enamine 6

by elimination of water (Scheme 1).14–16,19–22 The enamine 6

interacts with the aldehyde 2 forming adduct 7. Addition of water

to 7 produces a transient 8 that dissociates to yield the aldol

product 3, leaving the L-proline free to continue with the cycle. As

the aldol reaction is a reversible process, all intermediates 5–8 are

in principle present in the equilibrated solution, and should be

detectable by MS as protonated and/or cationized ions.

We studied the reaction of acetone 1 and the benzaldehydes

2a–d to form the aldols 3a–d catalyzed by L-proline 4 (Scheme 2)

in accordance with the protocol of List et al.,14 focusing on the

direct MS detection and characterization of the intermediates

involved using a microreactor coupled on-line to the ESI mass

spectrometer.6,7

The reaction solution was fed continuously into the mass

spectrometer through a mixing tee that allowed the dilution of the

mixture with methanol (50 : 1) before entry to the ionization

source. The mass spectrum of the reaction solution using

benzaldehyde 2a after a reaction time of one hour is provided in

Fig. 1. The signals m/z 156 and m/z 178 corresponding to the

cationized enamine 6?H+ (m/z 156) and 6?Na+ (m/z 178) and/or the

isomeric iminium ion and oxazolidinone,20,22 respectively, being

the most intensive peaks, and the signals of substrate 2a?Na+ (m/z

186) and of product 3a?Na+ (m/z 244), are clearly recognizable. All

ions were characterized by high-accuracy mass spectrometry. The

signals of the intermediates 5, 7a and 8a are expected to have a

much lower concentration and will appear in the chemical noise.
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Scheme 1 Proposed mechanism of the L-proline-catalyzed aldol

reaction.

Scheme 2 Aldol reaction of acetone 1 and aldehydes 2a–d catalyzed by

L-proline to give aldol 3a–d.
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However, these intermediates could be detected using the MS/MS

technique to filter out the signal of interest from baseline noise.

It was possible to follow the reaction over time by monitoring

the decrease of the intensity of the signal of 2a and the increase of

that of 3a (see insert in Fig. 1). The conversion of 2a is

approximately 65% after one hour of reaction, assuming the

relation signal intensity versus concentration in solution is similar

for both 2a and 3a.

The formation of the species giving signals m/z 156 and m/z 178

is a fast reaction. When a solution of L-proline 4 in methanol is

mixed with acetone in continuous-flow this species is formed in less

than 6 s. The ratio of these signals and 4?H+ (m/z 116) varies with

the concentration of the ketone in the medium. Using a ratio of

methanol/acetone 4 : 1 v/v, they were ten times stronger than that

of the L-proline 4?H+. The fragmentation pattern observed for the

signal m/z 156 formed under continuous-flow MS/MS (Fig. 2b) is

coincident with that observed in the reaction medium at different

times. It consists mainly in the elimination of formic acid of 46 u

giving the fragment ion of m/z 110. This fragmentation is clearly

expected for the protonated enamine 6?H+, as it is the only one

observed in the MS/MS of the protonated L-proline 4?H+

producing the fragment with m/z 70.23

The protonated intermediate 5?H+ (m/z 174) was detected in the

reaction solution after 6 s and was characterized by MS/MS

(Fig. 2a). It fragments to produce 4?H+ and 6?H+. Notice that the

latest fragment differentiates this species from a non-covalent

complex of L-proline with acetone.

The intermediates 7 in the reaction of preformed 6 with the

different aldehydes 2a–d were also intercepted using continuous-

flow methodology after only 2 s reaction time. When 2a was used,

it was possible to intercept the transient 7a as ion 7a?H+ (m/z 319)

and 7a?Na+ (m/z 341), respectively. The main fragmentations of

7a?H+ were those yielding 4?H+ and 6?H+ (Fig. 2c).

Finally, it was possible to intercept the adduct ion 8a?H+ (m/z

337) and 8a?Na+ formed by the addition of water to 7a in the on-

going reaction. The intermediate 8a?H+ fragmented to 4?H+ of m/z

116 and neutral 3awithout applying collision energy. Additionally,

cleavage of 64 u (HCOOH + H2O) and 82 u (HCOOH + 2 H2O)

was observed (Fig. 2d). Studying ion 8c?H+, the major fragmenta-

tion was the one that produced 4?H+ and neutral 3c. Ion 8a?Na+

showed the same fragmentation to give product 3a and proline 4.

In contrast to 8a?H+ the ion 3a?Na+ (m/z 244) was observed.

Clearly, 3a is better able to chelate Na+ than proline 4, whereas 4 is

more basic and will be protonated in the fragmentation of 8a?H+.

Interestingly, a loss of water was clearly observed for 8b?Na+ (m/z

347), yielding a fragment ion of m/z 329.

In summary, the study by ESI-MS of the aldol reaction of

acetone with aldehydes 2a–d catalyzed by L-proline has allowed us

not only to monitor the reaction evolution over time, but most

interestingly, to characterize all the intermediates assumed for the

Fig. 2 ESI-MS/MS spectra of the intermediates a) 5?H+, b) 6?H+, c)

7a?H+, d) 8a?H+ (see Scheme 1). Ordinate: relative intensity.

Fig. 1 ESI-MS spectrum of the reaction solution of acetone 1 and

aldehyde 2a after 60 min: 6?H+ (m/z 156), 6?Na+ (m/z 178), 2a?Na+ (m/z

186), 3a?Na+ (m/z 244). Ordinate: relative intensity. Shown in the insert is

the evolution over time of the ratio between 3a?Na+ (m/z 244) and 2a?Na+

(m/z 186).
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catalytic cycle. The presumed enamine 6 formation has been

unequivocally confirmed by high-resolution measurement and

MS/MS. The formerly discussed parasitic bicyclic oxazolidinone

from acetone and L-proline was not observed.20 Only the

oxazolidinone of aldehyde 2d could be detected in the reaction

solution.23 The three additional transients proposed in the aldol

reaction including the L-proline/acetone adduct 5, the enamine/

aldehyde adduct 7 and the hydrated form of the latter 8 have been

intercepted and characterized by MS/MS, confirming the mecha-

nism currently accepted for this catalytic cycle.
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