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The field of organocatalysis is expanding at a fast pace. Its
growth is sustained by major stimuli, such as the effort toward
an understanding of the mechanisms of reaction and catalytic
processes in general, the elucidation of basic properties leading
to stereocontrol and the search for broad applicability and
scalability of the synthetic methodology. This paper reports a
thorough study based on ESI-MS spectrometry of amino-
organocatalyzed model reactions under different experimental

conditions. Off-line reaction monitoring of mixtures containing
different catalytic systems, by ESI-MSn showed the presence of
several putative intermediate species, either in their protonated
or sodiated forms. In addition, enantioselective chromatography
of crude reactions provides the stereochemical outcome of
asymmetric reactions. The bulk of the data collected offers a
clue of the intricate pathways occurring in solution for the
studied reactions.

Introduction

Asymmetric aminocatalysis represents today the most widely
used organocatalytic technique to functionalize, with high
stereocontrol, carbonyl compounds in α-position as well, for
the unsaturated ones, in γ- and ɛ-positions.[1] No doubt, the
primary amines entered the catalysis field slowly but, in the last
10–15 years, have been reinvestigated and established as
effective organocatalysts in asymmetric aldol, Michael, Mannich,
Diels-Alder, aminations, 1,3-dipolar cycloadditions, and domino
reactions.[2] As for the secondary, primary amines act mostly in
acid conditions through the iminium and enamine
intermediates[3] and the stereocontrol of product depends also
on the nature of acid cocatalyst, not necessarily chiral.[4] Indeed,
the chiral induction to the reaction product, beyond of mere

formation of covalent bonds, is mainly dictated by electronic
(e.g., hydrogen bonding and π–π stacking) and steric inter-
actions between active intermediates (iminium ion or enamine),
Michael acceptor and acid co-catalyst to build the perfect
catalytic cycle. In other words, weak and non-covalent inter-
actionsare the driving force accountable for the assembly of
catalytic partners and reagents into a favorable transition state
structure. Among the possible approaches aiming to design the
more efficient catalytic system, mass spectrometry, which
detects ionic species, represents a valid support in the first
stage of screening of reaction conditions (i. e. does the catalyst
work? what is the best molar ratio of reagents? and the best
solvent, acid additive), as well as in more specific experiments
aimed at studying a peculiar aspect of the catalytic process (i. e.
kinetic of reaction, detection of active intermediates or
complexes, undesirable side reactions).[5] Different MS interfaces
(ESI, APCI, DESI, MALDI DART, etc.) were employed to extend
the power of technique where the concept of “soft” ionization
became prominent to accept the equivalence between the ions
and ionizable species existing in solution with those in gas
phase.[6] Because ESI is especially suitable for the detection of
small to medium molecular-weight molecules (common mass
range m/z 100–2000) and it is also available in less specialized
analytic MS laboratories, ESI-MS is very useful in studies of
organic reactions. When designed to understanding the mech-
anism of catalytic cycles, ESI-MS and MSn experiments were
supported by computational data[7] and represent an alternative
to other techniques (NMR, UV etc).[8] Reaction monitoring occurs
in-continuous (on-line) or point-by-point (off-line) modes,
depending mainly on the rate of the studied reactions. Fast
reactions, air sensitive, and short-lived reaction intermediates
require necessary on-line experiments. Off-line reaction mon-
itoring is suitable for the kinetic study of slow reactions (more
than several tens of minutes) and long-lived reaction intermedi-
ates (lifetime >1 min). Unfortunately, in the context of asym-
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metric reactions, the main limitation of the ESI-MS lies in not
giving, in a direct way, information on the stereoselectivity of
the reaction. In fact, mass spectrometry has been considered a
“chiral-blind” technique, not able to differentiate two
enantiomers.[9] Challenging papers have reported the use of ESI-
MS back-reaction screening of mass-labelled quasi-enantiomeric
substrates (products) to provide the enantioselectivity of
catalytic reactions.[10] However, this approach is time-consuming
in the screening of reaction conditions and scope stages.
Currently, enantioselective HPLC, by using a wide applicability
chiral stationary phase (e.g., amylose- and cellulose-based),
remains the most used technique to monitor the stereo-
selectivity of asymmetric reactions.

Here we report the off-line ESI-MS reaction monitoring
experiments applied in catalytic processes mediate by well-
known chiral primary amines (Figure 1). The work aims to
demonstrate the utility of this approach for an alternative
screening of reaction conditions, a better understanding of
reaction mechanism and for obtaining preliminary results about
reaction rate.

Results and Discussion

Analyzing published papers, metalloorganic mediated processes
and organocatalytic reactions have benefited on the use of
mass spectrometry to gain insights into the mode of catalyst
activation.[11] Focusing to the aminocatalysis, the catalysts, their
intermediates (enamine or iminium ion), the active catalyst-
substrate complexes (via noncovalent bonding) and products
are easy ionizable and then suitable candidates to be explored
by ESI-MS approach. In addition, the detection of ion signal
intensities over the time provides information both on reaction
mechanism and how fast the reaction is. To confirm this, we

started the investigation of the Friedel–Crafts alkylation of 2-
methylindole and (E)-3-octen-2-one promoted by 9-amino(9-
deoxy)epi-quinine (catalyst 1) in toluene (Scheme 1, i) as
prototypical reaction. The mechanism of reaction was deeper
investigated by computational analysis and supported by
experimental data.[12]

In our case, the reaction was conducted at room temper-
ature for 24 hours with the only scope to detect relevant ions.
By infusion the reaction mixture in positive mode ESI source, all
species engaged in the mechanism have been easily detected.
Figure 2 shows all species involved in the mechanism as
reported in[12] but in the positively charged state together with
the full scan spectrum after 24 hours of reaction. Briefly, the α-
β-unsaturated ketone is activated by catalyst 1 through the
iminium ion formation followed by addition of 2-methylindole
and formation of intermediate III. Its hydrolysis provides the
product IV. By flow injection analysis of diluted reaction mixture
and working in ESI positive mode, the mass spectrum presents
some signals in agreement with expected species: catalyst 1 (I,
m/z 324.42), the iminium ion (II, m/z 390.33) and the iminium
ion of product (III, m/z 521.42). This signal appears in a

Figure 1. Chiral catalysts employed in this work.

Scheme 1. Reaction investigated by ESI-MS.

Figure 2. Top: All species involved in reaction represented as positively
charged. Bottom: ESI-MS spectrum of reaction mixture at 24 h of starting.
Recorded ions and their correlation with intermediates, catalyst and product
were matched in the full spectrum. (Protonation sites are not specified in all
reported structures).
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permanent manner after 2.5 hours from the beginning of
reaction.

It is also remarkable the presence of the hemiaminal (m/z
408.33). The signal of product (IV, m/z 216.29) was always
detectable but with low intensity. The correlation between the
structures of reaction intermediates and recorded ions has been
supported by collision induced dissociation (CID) experiments.
Fragments of m/z 408.33 validate the nature of carbinolamine:
m/z 324.25 refers to the aminocatalyst and m/z 390.33 to the
imine (loss of water, see Supporting Info, pag. 6). The presence
of adducts with trifluoroacetic acid are not detected and
therefore not showed in the catalytic cycle although the acid
plays an important role in the stereocontrol of reaction.[12]

Similar partners, via iminium ion cycle, have been correlated
with the ions recorded by infusion of diluted mixture of
reactants to prepare warfarin (Scheme 1, ii). The putative
catalytic cycle was in Supporting Info at pag. 20. The reaction
has been studied for 12 hours acquiring both positive and
negative spectra. The acquisition in ESI negative mode was
selected to confirm and to control the presence of product (m/z
307.08) since it preferentially undergoes negative ionization[13]

(Supporting Info pages 14–15).
The value has been also validated by high-resolution-MS

experiments (m/z 307.0976, Δm=0.198 ppm). Switching the
acquisition in positive mode, interesting results on the active
reaction intermediates have been found. As reported in Fig-
ure 3, after 1.5 h from beginning, the main signal present in the
spectrum is m/z 614.42 (Figure 3B). Zooming the m/z 50–500
region, significant ions were present (Figure 3A). The intense
signals correspond to m/z 324.33 ion (the catalyst), the m/z
307.75 ion (typical partner of catalyst 1) and the m/z 452.33 ion
(the iminium ion). Less detectable ions were m/z 331.17
(product as sodium adduct) together with the m/z 470.42 signal

of hemiaminal. The analysis of m/z 614.42 ion does not provide
an exhaustive interpretation. As reported in Figure 3, two
possible structures match with this signal: the covalent adduct
of 4-hydroxycoumarin and the iminium ion intermediate or the
analog non-covalent adduct. The CID MS2 suggests that the ion
loses a fragment corresponding to m/z 162 producing m/z
452.42 (Figure 3C), however it does not clarify the covalent or
non-covalent nature of the intermediate. Considering that the
CID spectrum has been recorded at the beginning of reaction
(after 10 min of reaction start), it is plausible to assume that in
the initial stage there is a non-covalent adduct between the
two parts which later becomes of covalent nature. Looking in
negative mode, the m/z 614.42 ion corresponds to m/z 612.42
one and its intensity trend, over the time, changes in opposite
mode respect to the m/z 307.08 signal of reaction product, in
line with the proposed catalytic process. All CID and HR-MS
spectra of significant species useful, to confirm the nature of
ions, are gathered in Supporting Info. To extend the ESI-MS
approach also to the other aminocatalysts, we investigated the
same reaction catalyzed by chiral vicinal aliphatic diamines 2–4.
Chin explored the reaction using catalysts 2 and 3[15] while we
introduced catalyst 4 inspired by the work of Zlotin.[16] In a
typical experiment, small amount of ongoing reaction was
largely diluted in methanol and introduced by infusion into ESI
source to collect spectra producing a series of time points. The
reaction mixtures were stirred in THF at room temperature with
(10-fold excess) or without acetic acid. In all spectra, signals
corresponding to monoimine protonated intermediate between
benzylideneacetone and each catalyst were found. Spectra in
Figure 4 were selected from the spectra collection reported in
Supporting Information (pages 21–58) and show the ions of
reaction mixtures mediate by catalyst 3 and catalyst 4
respectively. At reaction times of 30 min and 40 min, ions m/z

Figure 3. ESI-MS spectra of reaction ii) mixture at 1.5 h of starting. Full spectrum in m/z 50–500 range (A) and m/z 50–1000 range (B). MS2 spectrum (C) of
parent m/z 614 after 10 min of reaction start.
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503.33 and m/z 535.33 were more intense respect to the signal
of product recorded as non-covalent dimer m/z 639.33 [2 M+

Na]+. At the same reaction time, the ion of product dominates
the spectrum when catalyst 2 was employed (Supporting Info
page 21). This is due to reaction rate which in this case is higher
and leads to completion in 24 h. These data agree with those
proposed by Herrera et. al. and exclude the presence of a
diimine intermediate which involve both amino groups as
reported by Chen. By complete inspection of spectra, two
signals corresponding to reagents were also found: m/z 147.17
and m/z 185.17 ions in agreement with the benzylideneacetone
[M+H]+ and the 4-hydrocoumarin [M+Na]+ respectively.
Focusing the attention to m/z 405.25, m/z 503.33 and m/z
535.33 ions (each ion for each employed catalyst) we observed
a decrease of their relative abundance over the time as the
intensity of product ions increases. Additional CID experiments
attest their involvement in the catalytic cycle producing ions
that can be associated with reagents or intermediates present
on reactions (CID 10%, 15% and 20% as arbitrary unit; spectra
in Supporting info pages 30, 36, 57). Similarly, to what was seen
above, it was not possible to understand the nature, covalent or
non-covalent, of the intermediates. A typical pathway fragmen-
tation has been reported in Figure 5. When catalyst 2 was
employed, parent ion of m/z 405.33 was recorded and its MS2

fragmentation furnish the m/z 243.25. In figure, plausible
structures of involved intermediates are also depicted.

If the acquisition in ESI (+) helps in the record of active
intermediates and catalysts, the analysis of ESI (� ) spectra allow
some qualitative indications on the catalytic ability of employed

diamines. In this case the intensities of negative ion referring to
the product (m/z 307.08) were plotted against the reaction time
together with the intensities of m/z 161.08 (4-hydroxycoumar-
in). The values relate to the catalytic reactions in absence of the
acid co-catalyst. As visible in Figure 6, catalysts 3 and 4 show a
comparable production speed (similar slope), while 1,2-dia-

Figure 4. Full mass spectrum in ESI (+) of reaction mixture mediated by catalyst 3 and catalyst 4 without the acetic acid as cocatalyst. Samples were infused
after methanolic dilution. The plausible adduct for m/z 535.33 and m/z 503.33 was describe as covalent adduct.[14]

Figure 5. CID of isolated m/z 405.33 for reaction mediated by catalyst 2 at
10% of collision energy: main generated fragment was m/z 243.25. Plausible
structures relating parent and daughter signals were reported.
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mine-cyclohexane (catalyst 2) catalyzes reaction faster. More-
over, the consuming of 4-hydroxycoumarin (dotted lines in

Figure 6) nicely agrees with the corresponding increase of
product. In addition, the insert in figure shows the values of
3 replicate experiments for reaction mediated by catalyst 2 in
the first 4 h of reaction progress. Data are reported without any
correction and therefore no indications on yield can be
extrapolated which in any case has settled high values (>90%).
Looking to the stereoselectivity, the enantioselective HPLC of
crude reaction provide information on preferred enantiomer
production. As reported in Table 1, while catalyst 2 shows poor
stereocontrol of reaction regardless of the presence of the acid,
catalyst 3 meaningfully benefits to the acetic acid in the mixture
(enantiomeric ratio 92/8 vs 86/14). This agrees with an acid-
base reaction between the second amino group and one
equivalent of acid [1.l] providing a three-component catalytic
cycle with one protonated amino group and the second
involved in the iminium intermediate. Interesting, catalyst 4
allows good stereocontrol of the reaction which remains
unaffected if in the presence of the acid (entries 5 and 6 in
Table 1). This result suggests the formation of properly located
hydrogen bonding between the hydroxyl group and one of
both amino groups making a more rigid structure of the
intermediate which improve an internal stereocontrol.

Figure 6. Intensity of ion referring to product (warfarin, m/z 307.08) vs
reaction time. Dotted lines refer to the intensity of 4-hydroxycoumarin (m/z
161.08). Lines stopped at 24 h refer to the reactions catalyzed by diamine-
cyclohexane. All data are reported without any correction.

Figure 7. Top: Plausible catalytic cycle of reaction. All involved species are as positively charged. Structure V has been reported as protonated enamine
instead of two possibility enamine/iminium ion to simply the scheme. Bottom left: Full mass spectrum at 1 h of reaction: all charged species of catalytic
process (VIII, V, VI, VII) and a hypothetical by-product sample (m/z 597.50) have been recorded. Signal at m/z 673 has not been assigned. Bottom right: Plot
reports the trend of V, VII, VIII ion intensities over 48 h. For data interpretation see in the text.
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In the second part of work, we investigated a Michael
addition of cyclohexanone to β-trans-nitrostyrene (reaction iii in
Scheme 1), a widely known reaction in the activation of cyclic
saturated ketones which introduces two stereogenic centers
with high stereocontrol when catalyst 1 is employed.[17] To the
best of our knowledge, this reaction has never been inves-
tigated by ESI-MS. We started by studying the progress of the
reaction in optimal working condition (toluene as solvent,
benzoic acid as cocatalyst, 48 h).

The hypothetical catalytic cycle starts with the activation of
cyclohexanone by the catalyst 1 forming the iminium ion/
enamine intermediate (structure V in Figure 7). The activation
of cyclohexanone is promoted by an acid cocatalyst, the
benzoic acid in the model reaction. Unfortunately, mass
spectrometry cannot discriminate between the active proto-
nated enamine or iminium ion isomers as main form, being
them isobaric.[18] From now, to simplify the reader in the lecture
of schemes and figures, we select the protonated enamine as
the active specie. The β-nitrostyrene then reacts with intermedi-
ate V to allow structure VII (drawn even in protonated enamine
form). Hydrolysis of VII gave the product VIII closing the cycle.
By offline reaction monitoring, the full mass spectra showed
four ions reflecting all species present in the catalytic cycle:
product (VIII), catalyst (I), and active intermediate of product
(VII). In addition to these signals, the m/z 473.33 ion consistent
with the non-covalent adduct between catalyst and β-nitro-
styrene (VI) was also recorded. Figure 7 provide a picture of
reaction mixture after 1 h. The ion at m/z 597.50, that constantly
increases over reaction time, can be attributed to the oligomer
of nitrostyrene (4 units) present as undesirable product due to a
collateral catalytic polymerization reaction.[19] Additional CID
experiments support the correlation between signal and
structures (Supporting Info, pages 66–71). By analyzing how
each ion intensity changes over reaction time, we observed
i) the progressive grow of product signal VIII, ii) a fast
production of V during the first 2 h, iii) the continued presence
of ion VII (plot in Figure 7). The intensity of m/z 473.33 signal
decreases over time (see Supporting Info pag. 71) The signifi-
cant increase in the m/z 404.42 ion at the end of the reaction
(reproducible trend in the various tested reaction) could be
explained by the formation of the intermediate V with the
ketone, in large excess on reaction, while the nitrostyrene is no
longer available. After identification of charged species involved
in the plausible catalytic cycle, we evaluated the effect of

different acids as cocatalysts (A–N in Scheme 2) in i) the
enamine/iminium ion formation, ii) the product formation and
iii) the stereoselective ability. The first two aspect were inves-
tigated by mass spectrometry, the last by enantioselective HPLC
directly on the crude reaction mixture. From the point of view
of a purely qualitative screening, the most important variable to
take into account in the treatment of the data obtained is the
response of the ESI source in terms of spray reproducibility.
Herein, to reduce the instrumental error, we used a solution of
reserpine as an external standard. The values of the intensities
of the studied ions (m/z 404.42 and m/z 270.17) were
normalized for the value of the standard recorded before of
each reaction withdrawal and the following data were reported
in the plots in Figure 8. In terms of reaction progress, 10 min
after addition of the acid, the enamine was mainly produced by
p-methoxy and p-hydroxy benzoic acids (Figure 8, plot A), while
the higher value of product ion was obtained by using p-nitro
benzoic acid followed by 3,5-dinitro benzoic acid (Figure 8,
plot B).[20] From the stereochemical point of view, high values of
enantiomeric ratio were recorded in all cases but no one acid
results prevalent.[21] Overall, balancing yield, d. r. (diastereomeric
ratio) and e. r. (enantiomeric ratio) of the reaction, the 4-nitro
benzoic acid seems to be the favorite partner as attested in the
analogous reaction which involve β-trans-nitrostyrene.[22]

Table 1. Stereoselectivity of reaction in presence or without acid co-
catalyst.

Entry Catalyst[a] Acid[b] Time Enantiomeric ratio[c]

1 (R,R)-2 0 24 78/22
2 (R,R)-2 10 24 76/24
3 (R,R)-3 0 48 86/14
4 (R,R)-3 10 48 92/8
5 (R,R)-4 0 48 84/16
6 (R,R)-4 10 48 88/12

[a] 10% mol of hydroxycoumarin. [b] 10-fold mol. [c] on Chiralpalk IB
(Chromatograms are in Supporting Info).

Scheme 2. Screening of investigated acid cocatalysts. Diastereomeric (d. r.)
and enantiomeric (e. r.) ratios were determined by HPLC.[23]
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Conclusion

In this work prototypical reactions catalyzed by the most
popular primary amines and diamines (1,2-diaminocyclohexane,
1,2-diphenylethylenediamine, 9-amino-9-deoxy-9-epiquinine)
were studied by mass spectrometry. The offline ESI-MS reaction
monitoring provides a picture of reagents and products present
with the relevant active intermediates that support the
plausible catalytic cycle. Our experimental data show that this
approach combined with enantioselective HPLC analysis could
be useful in the screening of different organo-catalysts or in the
selection of suitable cocatalyst. The methodology may have
relevance to other reactivity work where iminium or enamine
intermediates are involved, and it helps in the elucidation of
the intrinsic properties of catalyst/co-catalyst pair that controls
the reaction mechanism.

Experimental Section
Materials. The 9-amino-9-deoxy-9-epiquinine (catalyst 1) was ob-
tained as reported in.[24] Starting materials, acids A–O, solvents, as
well as (1R,2R)-diaminocyclohexane (catalyst 2), (1R,2R)-1,2-diphe-
nylethylenediamine (catalyst 3) and (1R,2R)-1,2-bis (2-
hydroxyphenyl)ethylenediamine (catalyst 4) are commercially avail-
able and were employed without further purification or treatment.

Mass Spectrometric Experiments. Studies were conducted on a
Thermo Scientific (Bremen, Germany) LTQ mass spectrometer
connected to a heated electrospray ionization (HESI) source.
Compound samples were prepared by 1/10000 dilution in meth-
anol or acetonitrile and were injected into the HESI source at a flow
rate of 10 μL/min. The instrument was operated in positive ion
mode with optimized HESI source conditions included needle
potential of 4.2 kV, a heater temperature of 50 °C, a capillary
temperature of 270 °C, capillary voltage 10 V, and tube lens
voltages 50 V. Sheet gas flow rate was between 8–10 (arbitrary
unit). Ions of interest for MSn experiments were isolated with a m/z
3–5 window. The collision energy employed for collision induced
dissociation (CID) spanned between 10% and 20% (arbitrary unit of
helium flow). Data were collected using 30 scans and taking a mass
range between m/z 100–1000. To control the constant response by
time of ESI-MS, a standard methanolic solution of reserpine ([M+

H]+ m/z 609.33, 10� 6 M, grade MS sample quality) with the tuned
settings reported above was injected (and data was acquired) at
the beginning of each data collection session. These data represent
our external standard employed to compare ion intensity between
different experiments.

All reactions were made in small vials under magnetic stirring. All
reactants were in sequence (the acid at the end) added to solvent.

Catalytic Reaction A. 2-methylindole (C9H9N, Mw 131.17,
0.13 mmol, 17 mg), (E)-3-octen-2-one (C5H8O, Mw: 84.12, 0.10 mmol,
0.01 mL), catalyst 1 (C20H25N3O, Mw: 323.43, 0.019 mmol) and
trifluoroacetic acid (C2HF3O2, Mw: 114.02, 0.039 mmol) were dis-
solved in toluene (500 ul) at room temperature with magnetic
stirring. Reaction was monitored for 24 h.

Catalytic Reaction B. For catalyst 1. 4-hydroxycoumarin (C9H6O3,
Mw 162.14, 0.044 mmol, 7.2 mg), benzylideneacetone (C10H10O, Mw
146.19, 0.065 mmol, 9.5 mg), catalyst 1 (0.012 mmol) and trifluoro-
acetic acid (C2HF3O2, Mw: 114.02, 0.026 mmol) were dissolved in
dichloromethane (500 ul) at room temperature with magnetic
stirring. For catalyst 2–4. 4-hydroxycoumarin (C9H6O3, Mw 162.14,
0.12 mmol, 20 mg), benzylideneacetone (C10H10O, Mw 146.19,
0.15 mmol, 22 mg), catalyst 2–4 (0.012 mmol) and acetic acid
(C2H4O2, Mw: 60.00, mmol) were dissolved in THF (200 ul) at room
temperature with magnetic stirring. Reaction with catalyst 1 was
monitored for 12 h, while reactions with catalyst 2 for 24 h and
catalysts 3–4 for 48 h respectively. In addition to the positive ESI-
MS acquisitions, spectra in negative ion mode were recorded.

Catalytic Reaction C. Cyclohexanone (C6H10O, Mw: 98.15,
0.96 mmol,100 μl), trans-β-nitrostyrene (C8H7NO2, Mw: 149.15,
0.15 mmol, 22 mg), acid co-catalyst A–O (0.055 mmol) were dis-
solved in toluene (100 μl) at room temperature with magnetic
stirring. The 9-amino-9-deoxy-9-epiquinine (catalyst 1, C20H25N3O,
Mw: 323.43, 0.05–0.04 mmol, 17–13 mg) was lastly added corre-
sponding to the start of reaction. Off-line reaction monitoring was
done collecting samples after 10 min (t1), 30 min (t2), 1 h 45 min (t3),
3 h 45 min (t4),7 h (t5), 21 h (t6), 24 h (t7) and 48 h (t8).

All spectra, MS signal intensity tables, inter- and intraday response
of HESI-MS and HPLC traces to determine the reaction stereo-
selectivity were in Supporting Information.
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