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Introduction

Innovation in chemical industrial processes is a perpetual
process driven by an incessant need to reduce the consump-
tion of resources and energy and the production of waste in
an everlasting attempt to be more competitive by reducing

costs. Nowadays, industrial progress includes the need to de-
velop sustainable processes in which environmental impact
is not amplified when economic growth is achieved. Of all
the approaches that are used to decrease the environmental
footprint, catalysis is one of the most important tools due to
its principal role in industrial chemical synthesis.

With industry demands to lower development costs, cata-
lyst discovery process efficiencies have to be increased. A
possible strategy is to replace conventional sequential syn-
thesis and activity assessment methods by automated high-
throughput experimental methodologies. This combinatorial
approach requires the development of specific instruments
and robotics to cope with the demanded throughput that
originates from the large number of samples.[1] Spectrosco-
py-based techniques for the detection of catalytic activity in
high-throughput screening assays are still the most ubiqui-
tous methods in this field despite the restricted applicability
caused by the prerequisite of chromophores and fluoro-
phores in either substrate or product for detection.[2] In this
perspective, mass spectrometry (MS) offers an outstandingly
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wide range of applicability for the sensitive detection of
(multiple) selected target analytes in complex samples.[3] Al-
though quantification can be affected by ion suppression
and there are compounds that are not ionisable, the multi-
tude of gas- and solution-phase mechanisms that convert
neutral molecules into ionic species (i.e., protonation, metal-
ation, chemical reactions, quaternisation and oxidation/re-
duction) results in the eminent potential of MS for the iden-
tification of catalyst complexes.[4]

Although several combinatorial tools have been devel-
oped for the catalysis toolbox, their development into high-
throughput reaction optimisation strategies is relatively un-
tapped despite the fact that attractive new analytical plat-
forms have been introduced.[5] For reaction optimisation in
material research, research efforts are mainly focused on the
development of new in silico design, improved reactor plat-
forms and analysis tools.

Commonly, the optimisation of reaction parameters is per-
formed by sequential unit operations, such as transfer of liq-
uids, quenching of the reaction and storage of the samples
prior to analysis. In the most advanced unit-operation-based
methodologies, automated workstations and robotics are
used to complete the sequential steps.[6]

Recently, a continuous-flow reaction detection screening
system was introduced that was used for the determination
of catalyst performance in synthetic conversions.[7] The feasi-
bility of using this approach for the assessment of catalyst
activity towards a selected synthetic conversion was demon-
strated by the performance screening of a selected number
of homogeneous Lewis acid catalysts for a synthetic conver-
sion in tetrahydrofuran (THF). The results proved to be
comparable to the results obtained with a traditional bench-
scale experiment. Moreover, the mass spectrometric detec-
tion proved to be very sensitive, with an achieved detection
limit of as low as 1.6 nm for the formed product, while the
ruggedness of the method was illustrated with a 24-hour
screening that was completed with a peak-area variation of
within 7 % relative standard deviation.

Herein, the applicability of the novel continuous-flow re-
action detection methodology is explored. Initially, the feasi-
bility of using this reaction detection methodology for the
high-throughput reaction optimisation of a Lewis acid-cata-
lysed multicomponent synthesis of substituted 2H-2-imida-
zolines was investigated. Secondly, by utilising the same
comprehensive system, the catalyst–ligand activity of differ-
ent ferrocene-based catalyst complexes in this atom-efficient
multicomponent reaction (MCR) in six different commonly
used solvents was assessed.

Results and Discussion

In general, the workflow of a catalysed reaction optimisa-
tion strategy includes 1) the selection of the synthetic con-
version, 2) a preliminary selection of potential catalysts,
3) the optimisation of the synthetic conversion of reactants
by selected variation of involved system parameters and

4) the determination of product formation at associated pa-
rameter settings to optimise product formation. Once the
optimal settings have been determined, a catalyst perfor-
mance screening can be used to identify the best-performing
catalyst for the selected synthetic conversion.

In commonly applied catalyst performance screening
methods, catalyst performance is rated based on kinetics
that are constructed from the increased slope of the initial
rate of the reaction. To obtain this data in traditionally ap-
plied methodologies, the conversion of reactants into prod-
ucts has to be determined at different reaction times. In the
continuous-flow reaction detection methodology, an in-
creased throughput is accomplished by a reduction in the
number of data points that are obtained. In the reaction de-
tection approach, the conversion into product takes place in
a thermostated reactor with a fixed internal volume. There-
fore, the catalyst performance is assessed by determining
the peak area from the selected ion monitoring (SIM) prod-
uct trace in atmospheric-pressure chemical ionisation
(APCI) MS detection. The optimal continuous-flow reactor
volume in this system associates with a reaction time that
only slightly exceeds the time period required for the reac-
tion to reach its initial rate. For this methodology to be ap-
plicable, it should allow for the sensitive quantification of
the product with high accuracy. In the current continuous-
flow reaction detection setup, this is accomplished with
system parameters, that is, sampling time, reaction time, re-
action pressure and reaction temperature, that are either
fixed or accurately controlled and result in high system re-
peatability and reproducibility.

The optimisation of a certain reaction is usually per-
formed by relating product formation to different reaction
parameter settings. Herein, we present an integrated analyti-
cal reaction detection methodology based on standard
HPLC equipment (see Figure 1). An advantage of this con-
tinuous-flow total-analysis system is that all the intermediate
liquid transfer steps are made superfluous and the necessity
of applying robotics to achieve a high sample throughput is
circumvented. In a sequential unit operation system, product
formation is determined at different reaction settings. We

Figure 1. Schematic overview of the continuous-flow reaction detection
system. This system is comprised of two HPLC pumps labelled react-ACHTUNGTRENNUNGant A and reactant B, which pump the reactants (3 and 4, respectively,
see Scheme 1) into a mixer. An injector is used to introduce the catalysts
into the stream of reactants. The conversion of reactants into product
takes place in the thermostated coiled open tubular reactor. A third
HPLC pump (make-up) can be used to add water to quench the reaction
and increase APCI-MS detection compatibility.

Chem. Eur. J. 2009, 15, 7368 – 7375 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 7369

FULL PAPER

www.chemeurj.org


demonstrate that accurately controlled system parameters
can be used for the optimisation of reaction parameters.

After reaction optimisation, the flexibility of the system
was demonstrated by employing the same mass spectromet-
ric detection system for the screening of catalyst libraries for
activity towards a selected synthesis. Minute amounts of re-
actants and catalysts were used, without the necessity of al-
tering any system parameters.

Lewis acid catalyst selection : Lewis acids have been report-
ed to be excellent catalysts in the MCR of a substituted 2H-
2-imidazoline of type 5 (Scheme 1).[8] In this MCR, an

amine (1) condenses with a ketone or aldehyde (2) to form
an intermediate imine (3) that subsequently reacts with an
a-acidic isocyanide (4). This atom-efficient reaction, with
water as the only byproduct, is ideally suited for the genera-
tion of focused libraries of pharmaceutically interesting ana-
logues by using a combinatorial approach in which molecu-
lar diversity is rapidly introduced by varying the substituents
of the reactants.[9] Additionally, sample pre-cleanup costs
are significantly reduced due to the atom efficiency. New 2-
imidazolines are promising pharmaceutical candidates.[10]

For example, their affinity towards the imidazoline binding
site result in a broad range of pharmaceutical applications
with a wide variety of associated biological functions, such
as hypertension, blood pressure regulation, insulin secretion
control and numerous human brain disorders.[11] Moreover,
2-imidazolines are used as chiral templates to increase reac-
tion enantioselectivity in asymmetric synthesis.[12]

The experiments herein describe the conversion of ben-
zylamine (1; R1 =benzyl) and acetone (2 ; R2 = R3 =CH3)
into the corresponding intermediate imine (3) followed by a
Lewis acid-catalysed reaction with p-nitrobenzylisocyanide
(4) to form the corresponding 2H-2-imidazoline (5).

In the first step of the reaction optimisation experiments,
eight triflates (Zn ACHTUNGTRENNUNG(OTf)2, Yb ACHTUNGTRENNUNG(OTf)3, LiOTf, HfACHTUNGTRENNUNG(OTf)4,
AgOTf, Sc ACHTUNGTRENNUNG(OTf)3, Cu ACHTUNGTRENNUNG(OTf)2 and Bi ACHTUNGTRENNUNG(OTf)3) were screened
for activity towards the synthesis of 5. In this screening ex-
periment, the triflates were injected at a repetition rate of
five minutes. During the 40-minute experiment, 10 nmolACHTUNGTRENNUNG(�4 mg) of catalyst and 12 mmol (�2 mg) of reactants were
consumed. As indicated in Figure 2, the best-performing tri-
flate for this conversion is AgOTf. This Lewis acid catalyst
was combined with a representative ferrocene (6 b) to form
the catalyst complex that was used for the further reaction
optimisation experiments.

Reaction optimisation : In the reaction optimisation experi-
ment described hereafter, the concentration of the reactants
was fixed at 4 mm. The reactant ratio, catalyst concentration
and reaction temperature were optimised by varying the as-
sociated system parameters in the analysis system. In
Figure 3, the optimisation of the reactant ratio is presented.

In this experiment, the percentage of 4 was increased step-
wise in increments of 10 % (nine steps).

The product formation was determined at different reac-
tant ratios, whereas the conversion was catalysed by inject-
ing 10 mL of the ligated AgOTf catalyst complex formed by
mixing 1 mm AgOTf with an equal amount of ferrocene 6 b
(Figure 4). With a repetition time of five minutes, this rapid
optimisation strategy was performed by automatically
changing the reactant A/reactant B ratio by altering the flow
rate of the HPLC pumps, as depicted in Figure 1, while the
total flow remained unchanged. The associated product for-
mation was determined by integration of the peak in the re-
corded SIM trace of the protonated product molecule (m/z
310.2). As shown in Figure 3, the ratio of reactants in the
MCR has a significant effect on the overall product forma-
tion that can be achieved. If the peak areas at different
ratios are normalised, a ratio of 50:50 3/4 results in the high-

Scheme 1. Lewis acid-catalysed three-component reaction giving 2H-2-
imidazoline (R1 =Benzyl, R2 =R3 =CH3, R4 =p-nitrobenzyl, R5 =H).

Figure 2. Integrated peak areas of the Lewis acid catalyst screening ob-
tained with the continuous-flow reaction detection system, showing the
activity of eight different metal-based triflates in the synthesis of 5.

Figure 3. Relative peak areas of formed product determined by using MS
detection at different substrate ratios. The normalised peak area illus-
trates the impact of reactant ratio on product formation.
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est product yield. The ratio proved to be very important be-
cause a 20 % reduction in either of the reactants resulted in
a 25 % decrease in product formation.

To optimise the catalyst concentration at the determined
reactant concentration (4 mm), equal amounts of ferrocene
6 b and AgOTf were mixed and injected into the reaction
detection system at different concentrations. The amount of
product formed was determined by using the same method-
ology that was used in the previous experiment.

Figure 5 presents the product formation at twelve differ-
ent catalyst concentrations between 500 nm and 500 mm. Al-
though the presence of the lowest catalyst concentration
could be confirmed in the total-ion current (TIC) trace re-
corded by using a single quadrupole mass spectrometer, it
did not result in enhanced product formation. At higher cat-

alyst concentrations the product
formation increased significant-
ly, with a maximum at the high-
est catalyst concentration. How-
ever, the product that formed
did not increase linearly with
catalyst concentration and an
asymptotic curve was deter-
mined due to saturation of the
reaction mixture. From the re-
sults of this experiment, the op-
timal catalyst–reactant ratio
could be determined. At the
lowest ferrocene-based catalyst
concentration that showed ac-
tivity, a catalyst/reactant ratio
of 0.0125 % was applied. This
ratio increases to 12.5 % (cata-
lyst/reactant) at the highest cat-
alyst concentration (500 mm).
From Figure 5, it can be con-
cluded that increasing the cata-
lyst concentration beyond
100 mm (2.5 %) does not signifi-
cantly improve the amount of
product formed. Therefore, the
optimum catalyst/reactant ratio
is found to be 2.5 %.

Because the rate constant of
a reaction is dependent on the
reaction temperature, increas-
ing the reactor temperature re-
sults in enhanced product for-
mation. The temperature de-
pendence of this MCR to give 5
has been investigated previous-
ly.[7] By introducing the AgOTf
catalyst at different tempera-
tures, an optimum temperature
curve was obtained. Although
the highest temperature yielded

Figure 4. Stabilising ferrocene catalyst ligands. Ferrocenes 6 a–h share a common ferrocenic backbone with dif-
ferent substituents. Mixing the ferrocenes with AgOTf resulted in catalyst complexes that were screened for
activity towards the synthesis of 5.

Figure 5. Peak areas of formed product determined at different catalyst
concentrations during optimisation.
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the highest product formation, the curve approached an op-
timum at 80 8C. To determine the optimum temperature
when stabilising ferrocene catalyst ligands are utilised, a
mixture of 1 mm AgOTf and 1 mm ferrocene 6 b was injected
at different reactor ACHTUNGTRENNUNGtemperatures.

The results of the temperature optimisation experiment
are presented in Figure 6. The data present an obvious in-

crease in product formation (rate constant) at elevated tem-
peratures. However, compared with previously obtained re-
sults the effect of enhanced reactor temperature is signifi-
cantly larger. The differences are quite significant, especially
when higher temperatures are applied. When recording the
temperature curve, an optimum was not achieved because
only reactor temperatures of up to 90 8C were investigated.
As the differences between the results of the temperature
optimisation experiments with the two different catalyst
classes suggest, temperature optima proved to be catalyst-
class specific.

System development : One of the reasons for the popularity
of spectroscopic detection techniques in the determination
of catalyst performance is the versatile applicability of those
methods. Although MS detection offers superior selectivity
and sensitivity, and an ample number of applications for or-
ganometallic and inorganic compounds in solvents other
than those commonly used in HLPC analysis are reported,
the merits of this detection technique for synthetic conver-
sions have not been fully explored yet. One of the important
factors when considering the application potential in syn-
thetic organic chemistry is the possibility of applying MS de-
tection in virtually any desirable solvent. To demonstrate
this ability, the catalyst-mediated conversion of reactants is
monitored in six different solvents, all commonly used in
synthetic organic chemistry. However, to be able to compare
product formation in different solvents in an activity assess-
ment, the solvent-specific APCI-MS response of the product
has to be calibrated.

The relative MS responses of the product in the different
solvents were determined by the triplicate injection of dif-
ferent concentrations (5–250 nm) of in-house-synthesised

product standard into the online system. To replicate prod-
uct responses under the actual reaction detection conditions,
the standards were injected into a stream of reactants (3 and
4). Due to the absence of catalyst, the SIM (m/z 310.2)
product response directly relates to the concentration of in-
jected product. From the integrated SIM traces, solvent-spe-
cific calibration lines were constructed with good linearity
(correlation coefficients between 0.9920 (acetonitrile) and
1.0000 (methanol) with a maximum residual standard devia-
tion (RSD) of 4.9 %). The normalised slopes of the product
MS response calibration lines are compared in Figure 7.

Activity assessment of a ferrocene library : An important
tool for optimising homogeneous catalysis is the application
of stabilising ligands to alter the catalytically active (transi-
tion) metal centre. By applying these complexes, it is possi-
ble to optimise substrate conversion kinetics and to steer
stereo-, regio- and/or enantioselectivities. This ability to
affect the synthesis is based upon a combination of the elec-
tronic and steric parameters of the AgOTf–ferrocene cata-
lyst complex involved.

Ever since the discovery of ferrocene, the special proper-
ties of this metallocene have led to an ever-increasing
number of applications involving this aromatic scaffold in
catalysis, in electrochemistry and in coordination chemistry.
In addition to the possibility of designing specific ferrocene
ligands for specific applications, a major advantage of the
scaffold is its very high stability; ferrocene-based catalysts
are resistant to high temperatures and humidities and can
cope with a multitude of different reagents. Combined with
the low prices for ferrocene, the aforementioned factors
result in great application potential of ferrocene-based cata-
lysts in industrial processes.

In the first stage of the reaction optimisation strategy, a
number of metal triflates were screened for activity in the
synthetic conversion that gives target molecule 5. To broad-
en the range of the methodology, we screened a small ferro-
cene library for activity. The ferrocenes were mixed with
AgOTf (1:1) prior to the activity assessment to form catalyst
complexes. This ferrocene library is composed of some in-

Figure 6. Reaction temperature optimisation.

Figure 7. Relative APCI-MS response of product standard in THF,
MeOH, isopropylalcohol (IPA), acetonitrile (ACN), ethylacetate
(ETOAc) and dichloromethane (CH2Cl2).
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house-produced ferrocene catalyst ligands (6 a–h) and sever-
al commercially available Josiphos (7 a–d), Taniaphos
(8 a,b), Walphos (9 a,b) and a Mandyphos (10) ferrocene
catalyst ligand(s).

The activity of the ferrocenes was determined in a high-
throughput experiment and involved performance screening
in six different solvents.

The results of this screening confirm the ability to screen
ferrocene-ligated catalyst complexes in the selected reaction
by using the MS-based continuous-flow reaction detection
system. The different product yields in this activity assess-
ment can be directly compared by correcting the results for
the different catalyst concentrations and APCI-MS respons-
es in different solvents. The results of this assay are present-
ed in Figure 8. The steric effects introduced by the different

catalyst complexes are of the same order of magnitude and,
therefore, catalyst performance is found to be comparable.
The catalyst activity in the different solvents is influenced
by the solvent properties. The activity in ethylacetate was
found superior and was significantly better than the perfor-
mance in dichloromethane. In general, ferrocenes 10, 8 b
and 9 b were rated the poorest performing catalysts for this
conversion, whereas ferrocenes 7 a, 6 c and 6 h were found to
be the best performing catalysts. From these results, differ-
ent activities introduced by different ferrocene types can be
distinguished. Moreover, additional steric hindrance intro-
duced by different substituents, such as in ferrocenes 9 a and
9 b, result in reduced activities. Because the HPLC pumps
used in the setup were unable to cope with CH2Cl2, a differ-
ent setup was used for assaying the conversion in this sol-
vent. The two reactant pumps were replaced by pumps that
could pump CH2Cl2 and the water make-up flow was omit-
ted because of the immiscibility. Although this setup
changes the related flow rates and APCI performance, the
results could still be directly compared by accurately con-
trolling reactant flow rates and the calibration of the MSACHTUNGTRENNUNGresponses.

Conclusion

We have presented an alternative integrated continuous-
flow reaction detection system for common homogeneous
catalyst development approaches based on autonomous sys-
tems for the catalysed conversion of reactants and the deter-
mination of product formation. In the comprehensive inte-
grated reaction detection analysis system, these segregated
systems were merged into a single integrated continuous-
flow system. A great virtue of the screening methodology
currently described is that the versatility of traditional ap-
proaches is preserved. This is demonstrated by the employ-
ment of the same system for an automated optimisation of
rudimentary reaction parameters and for the performance
screening of ferrocene-based catalyst complexes. In the first

type of experiment, optimum
substrate ratios, catalyst con-
centrations and reaction tem-
peratures were determined un-
supervised. In the second type
of experiment, the applicability
of the system was expanded by
proof of its ability to screen for
different activities related to
steric parameters introduced by
different ferrocene backbone
substituents. Because of the
HPLC equipment on which this
system is based, a high degree
of automation could be ach-
ieved while the reaction detec-
tion methodology circumvented
the need to use sequential unit
operations for the transfer of

liquids. Moreover, by integrating the workflow into a single
system setup, reaction optimisation and activity assessment
procedures are significantly simplified.

The pertinence of the reaction detection methodology
was further improved by the considerably increased
throughput accomplished by the reduction of the number of
data points required for an activity assessment. For this
methodology to be able to screen catalysts based on a single
time-point, it must allow for sensitive quantification of the
product with high accuracy at a reaction time that only
slightly exceeds the time period required for the reaction to
reach the initial rate. This was accomplished by the imple-
mentation of MS detection for sensitive simultaneous moni-
toring of the reactant- and product-related ions involved in
catalyst-induced product formation. The current trend in
screening assays is the downscaling of assays to reduce the
amount of involved entities (catalysts and solvents) in an at-
tempt to preserve both economical and environmental re-
sources. The main disadvantage of miniaturising dimensions
is the proportional reduction in formed product and the in-
creased detection sensitivities required. Because of the in-
trinsic nature of the APCI process, APCI-MS is ideally
suited to cope with these demands. We have proved this by

Figure 8. Activity assessment of the ferrocene library in different solvents.
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demonstrating the MS detection of low concentrations of
converted product, thereby preserving valuable catalysts and
reactants.

The main prerequisite of a detector in catalyst perfor-
mance screening of synthetic conversions is its applicability
in different solvents. APCI-MS can be used to determine
product-related ions in a wide variety of different applica-
tions, due to the multitude of gas- and solution-phase mech-
anisms that convert neutral molecules into ionic species.
However, concerning the applicability in different solvents,
the usefulness is somewhat restricted to solvents associated
with LC and GC separations. We demonstrated the feasibili-
ty of using APCI-MS for reaction detection in six different
solvents that are commonly used in synthetic chemistry. To
be able to compare catalyst-mediated product formation in
different solvents, the system was calibrated for solvent-spe-
cific MS responses before the activity assessment was con-
ducted. Although dichloromethane required slight system
modifications due to the calibration of the MS responses, a
direct comparison between the activity assays conducted in
the six different solvents could still be achieved.

Experimental Section

Materials : The activity assay of the ferrocene library was conducted in
six different solvents; GC-grade (>99%) THF and dichloromethane
were purchased from Fluka (Buchs, Switzerland), methanol (absolute
ULC/MS grade) and acetonitrile (HPLC-S grade) were purchased from
Biosolve (Valkenswaard, the Netherlands). 2-propanol (>99.8 %) and
ethyl acetate (>99.5 %) were purchased from Sigma Aldrich (Steinheim,
Germany).

The applied MCR involved three different reactants; acetone (>99%)
was purchased from J. T. Baker (Deventer, the Netherlands), benzyl-
amine was purchased from Fluka (Buchs, Switzerland), and the product
standards of 4 and 5 were synthesised in-house. The silver in the catalyst
complexes was obtained by dissolving silver trifluoromethanesulfonate
(silver triflate, AgOTf, >98%) from Fluka (Buchs, Switzerland) in the
appropriate solvent. The other triflates that were used in the preliminary
Lewis acid catalyst screening (Zn ACHTUNGTRENNUNG(OTf)2, Yb ACHTUNGTRENNUNG(OTf)3, LiOTf, Hf ACHTUNGTRENNUNG(OTf)4,
Sc ACHTUNGTRENNUNG(OTf)3, Cu ACHTUNGTRENNUNG(OTf)2 and BiACHTUNGTRENNUNG(OTf)3) were obtained from either Sigma–Al-
drich or Fluka. Water was produced in-house by using a Millipore Aca-
demic water purifier (Molsheim, France) and degassed by using a Bran-
son ultrasonic bath (Danbury, USA). Formic acid (98 %) was purchased
from J. T. Baker (Deventer, the Netherlands). The ferrocene catalyst
ligand library that was assayed was obtained from two different sources.
The first part of the library (6a–g ; see Figure 2), were synthesised in six
steps starting from ferrocenecarboxaldehyde by using literature proce-
dures.[13] The second part of the ferrocene library contained ligands of
the Josiphos, Walphos, Mandyphos, and Taniaphos ferrocene type, which
were obtained from Sigma–Aldrich (Steinheim, Germany). The synthesis
procedure and NMR spectroscopy and high-resolution MS conformation
of these ferrocenes is described in the Supporting Information.

Reaction detection system : The analytical system (see Figure 1) that was
used for the reaction optimisation and activity assessment of the ferro-
cene library involved mixing the reactants, injecting the catalysts, con-
verting the reactants and detecting the product in a single comprehensive
continuous-flow reaction detection system. The substrate delivery config-
uration was adapted based on the applied solvent. If THF, acetonitrile.
methanol, ethyl acetate or 2-propanol were used, the mixing of reactants
was performed by using two Shimadzu LC-20AD HPLC pumps (Shi-
madzu, �s-Hertogenbosch, the Netherlands) into a mixer (Valco Interna-
tional, Schenkon, Switzerland). A third LC-20AD HPLC pump was used

to increase detector compatibility by adding a water make-up flow. If di-
chloromethane was used the substrate delivery was performed by using
two Gilson model 302 HPLC pumps (Gilson, Villiers-le-Bel, France) due
to equipment incompatibilities. Due to solvent immiscibility, the water
make-up flow had to be omitted in experiments conducted in dichloro-
methane. The injection of catalyst–ligand complexes into the stream of
reactants was performed by using a fully programmable Gilson 231 auto-
injector (Gilson, Villier-le-Bel, France). The conversion into product oc-
curred in a coiled open tubular reactor (produced in-house) immersed in
a temperature-controlled water bath (Grant, Cambridge, England). The
quantification of catalyst-mediated product formation was performed by
using SIM in a LCMS-2010EV single-stage quadrupole mass spectrome-
ter (Shimadzu, �s-Hertogenbosch, the Netherlands) equipped with an
APCI source and operating in positive-ion mode. Measurements were
performed by alternating between the SIM of the product and intermedi-
ate imine (m/z 310.2 and 148.1, respectively) and a full-spectrum TIC.
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