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Abstract  

 
An integrated online screening system was developed to rapidly screen 
homogeneous catalysts for activity toward a selected synthesis. The continuous-
flow system comprises standard HPLC pumps for the delivery of substrates, an 
HPLC autosampler for the injection of homogeneous catalysts, a thermostated 
reactor to mediate synthesis, and a single-stage quadrupole mass spectrometer 
(MS) equipped with atmospheric pressure chemical ionization for the 
determination of product formation. MS detection offers sensitivity, specificity, 
and speed when applied to the analysis of dynamic processes in the condensed 
phase. By applying the present methodology for the study of substrate 
conversion mediated by homogeneous catalysts, the concentration of substrates 
and reaction product could be monitored while information about the catalysts 
could also be obtained. In an initial screening application, the performance of a 
selected number of Lewis acids in the multicomponent synthesis of a highly 
substituted 2-imidazoline was determined. Limit of detection and limit of 
quantitation were determined by injecting different concentrations of 2-
imidazoline standards and proved to be 1.6 and 5.2 nM, respectively. The results 
obtained with the new screening method were in good agreement with a 
traditional bench-scale experiment. Moreover, the system was capable of 

determining catalyst performance with very low catalyst and solvent consumption 
while the ruggedness of the system was exhibited with a 24-h continuous 
analysis of 280 successive catalyst injections with a peak area variation within 
7% relative standard deviation. 
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Introduction 
 

The high-throughput experimental syntheses and screening methods that were 
first introduced in the pharmaceutical industry to accelerate the discovery 
process have also been applied for catalyst development.[1-4] The high 
information density libraries that are created with these techniques are composed 
of a large number of homogeneous catalysts. In order to cope with these large 
pools of potential catalysts, sophisticated high-throughput screening methods are 
essential.  

Spectroscopy-based detection techniques are often employed for 
catalyst screening. However, these methods rely on the presence of 
chromophores and fluorophores in either substrate or product for detection of 
catalytic activity.[5-7] Consequently, in order to expand the application range, 
alternative detection methodologies are being developed for catalyst screening.[8-

12] In this perspective, mass spectrometry (MS) offers exceptional specificity and 
selectivity for the sensitive detection of (multiple) selected target molecules in 
complex matrixes.[13] The applicability of mass spectrometric detection and its 
impact on high-throughput screening was reviewed by Niessen, who concluded 
that the widespread use and increasing number of publications in the field of 
high-throughput screening is an indicator for the progress that has been made in 
terms of both applications and instrumentation.[14] In the past decade, a similar 
advance in the utilization of MS for the characterization of organometallic 
compounds is described.[15,16] Although there are still classes of compounds that 
can not be identified, commonly reported conversions of neutral molecules to 
ionic species (i.e., protonation, metalation, chemical reaction, quaternization, and 
oxidation/reduction) increase the potential to apply MS for the identification of 
neutral catalyst complexes.  
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An elegant MS-based approach in the development of catalysts is the so-

called “screening before synthesis” methodology proposed by Chen.[17] Instead of 
screening randomly assembled libraries of spatially resolved catalyst candidates, 
this methodology offers the possibility to obtain mechanistic information from 
pooled catalyst libraries. The approach is based on catalyst reaction monitoring 
in the gas phase by a modified tandem mass spectrometer to provide 
mechanistic insights of the selected synthesis. With this approach, valuable 
information for the creation of corresponding catalyst libraries is generated. 
Several application examples reported good agreement between gas- and 
solution phase reactivities.  

An illustrative example of the possibilities that the enhanced resolution 
and selectivity of MS detection offer is presented by Liesener et al.[18] They 
described a system designed for the determination of biocatalytic activities of a 
selected number of proteases for a mixture of substrates. In this so-called 
multiplexed bioassay, seven different substrate conversions were monitored in 
parallel. By the repetitive injections of reactor solution and by monitoring both 
substrate and product concentrations, they were able to obtain selective activities 
and kinetics for a broad range of proteases.  

In this paper, a novel integrated approach to achieve high sample 
throughput for the screening of homogeneous catalysts is described. In recent 
years, several online integrated methodologies were developed and applied.[19,20] 
In previous work, similar principles were used for the monitoring of biospecific 
interactions, [21-24] for the determination of protein kinase A phosphorylation, [25] 
for trace analysis of proteins using solution-phase digestion,[26] and for the 
characterization of metal complexes.[27,28]  

In traditional catalyst performance methods, the catalysts are rated 
based on an elevated slope of the initial rate period. In order to obtain kinetic 
data, the product formation has to be determined at several time intervals. In the 
present concept, the ranking of different homogeneous catalysts is performed by 
determining the peak area of formed product shortly after the online synthesis  
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reaches the initial rate period. The increased throughput is then accomplished by 
reducing the number of data points that are required to characterize catalyst 
performance. This concept is only feasible when the methodology allows for the 
quantification of small amounts of synthesis product with high accuracy. In the 
present online system, all system parameters (i.e., sampling time, reaction time, 
reaction pressure, and reaction temperature) are either fixed or accurately 
controlled, and therefore, a very high system repeatability and reproducibility can 
be achieved. The experiments described in this paper are conducted in both 
tetrahydrofuran (THF) and dichloromethane. Although these solvents are 

commonly used solvents in synthetic organic chemistry, the combination with 
mass spectrometric detection is less common. In our proof of principle study, a 
limited number of Lewis acid catalysts were screened for activity toward the 
synthesis of a highly substituted 2-imidazoline. The synthesis starts with the 
condensation reaction of benzylamine and acetone to form an intermediate 
imine, which subsequently reacts with an R-acidic p-nitrobenzylisocyanide to 
form the 2-imidazoline derivative.[29-31] 2-Imidazolines are interesting synthetic 
targets due to their broad application range derived from their affinity toward 
imidazoline binding sites.[32] This affinity is related to a wide variety of biological 
functions like hypertension, blood pressure regulation, insulin secretion control, 
and numerous human brain disorders.[33-40] The 2-imidazoline synthesis used in 
our study incorporates most of the atoms of the starting materials in the final 
product, and only water is produced as waste. Due to this superior atom 
economy, this multicomponent reaction approach does not require the isolation 
and purification of product intermediates.[41-47] Moreover, by variation of the 
substrate substituents, different analogous products can be easily obtained and 
can be used to generate focused libraries of potential therapeutics. Important to 
this study is that ketones (like acetone) only yield the corresponding 2-
imidazolines under standard reaction conditions in the presence of a catalyst. 
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Experimental 

 
Standards and Reagents 
 
GC-grade (>99%) THF and benzylamine were purchased from Fluka (Buchs, 
Switzerland). Purified water (MQ-quality) was produced in-house using a 
Millipore (Molsheim, France) Academic water purifier and degassed using a 
Branson ultrasonic bath (Danbury, CT). HPLC-grade methanol and 
dichloromethane were purchased from Biosolve (Valken! swaard, The 
Netherlands). Formic acid (98%) and acetone (>99%) were purchased from J.T. 
Baker (Deventer, The Netherlands). Silver trifluoromethanesulfonate (AgOTf, 
>98%), nickel nitrate (>98.5%), scandium trifluoromethanesulfonate (Sc(OTf)3, 
>97%), copper trifluoromethanesulfonate (Cu(OTf)2, >97%) were purchased 
from Fluka (Buchs, Switzerland). Magnesium iodide (98%), magnesium bromide 
(98%), magnesium perchlorate (Mg(ClO4)2, 99%), and magnesium bromide 
ethyl etherate (99%) were purchased from Aldrich (Steinheim, Germany). The p-
nitrobenzylisocyanide and 2-imidazoline product standards were produced in-
house according to the protocol described by Elders et al.[30]  
 
Continuous-Flow System  

 
The online experiments were performed using an online continuous-flow system 
that consisted of a substrate delivery unit, a temperature-controlled reactor, and 
a mass spectrometer for the reaction detection (scheme, see Figure 2.1).  
The substrate delivery configuration was based on the solvent used. In the case 
of dichloromethane, due to equipment compatibilities, the substrate delivery was 
performed using two Gilson model 302 (Villiers-le-Bel, France) HPLC pumps. 
When THF-based substrate solutions were applied, the substrate delivery was  
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performed with two Shimadzu LC-20AD HPLC pumps (ʻs-Hertogenbosch, The 
Netherlands).  
 

 
Figure 2.1 Schematic overview of the online analytical system. The system comprises two HPLC 
pumps (P1 and P2) that pump the imine (substrate A) formed after the condensation of acetone and 
benzylamine and the p-nitrobenzylisocyanide (substrate B) into the coiled reactor. An injector is used 
to introduce the homogeneous catalysts into the stream of substrates. A third HPLC pump (P3) is 
used to add a water makeup flow to quench the reaction and increase APCI-MS detector 
compatibility. 

 

The HPLC pumps delivered the preformed imine and isocyanide substrate 
solutions at a flow rate of 200 μL/min into the mixer (Valco International, 
Schenkon, Switzerland). Subsequently, a selected homogeneous catalyst was 
injected using a Gilson 234 autoinjector. The substrates were converted into the 
imidazoline derivative product in an in-house produced reactor immersed in a 
temperature-controlled water bath from Grant (Cambridge, England). The 
product formation was hereafter quenched by the addition of 200 μL/min water  
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by a Shimadzu LC-20AD HPLC pump. In the experiments conducted with 
dichloromethane, the water makeup flow was omitted. Finally, the detection of 
substrate conversion, product formation, and identification of catalyst were  
 
performed with a LCMS-2010A single-stage quadrupole mass spectrometer from 
Shimadzu. Measurements were performed by alternating between a selected ion 
monitoring (SIM) of the imidazoline derivative (m/z ) 310.2) and a full-spectrum 
total ion current (TIC). From the TIC data, the conversion of substrates can be 
monitored and catalysts identified.  

 
Bench-Scale Sample Preparation  
 
Labware was rinsed with GC-grade THF prior to use. In order to determine 
bench-scale benchmark kinetics, a selected Lewis acid catalyst (2 m/m %) was 
placed in a glass tube equipped with a stir bar and placed on a heated (40 °C) 
magnetic stirrer. Subsequently, 5 mL of 1 mM acetone in THF, 5 mL of 1 mM 
benzylamine in THF, and 5 mL of 1 mM isocyanide in THF were added. At 
certain time intervals (0, 10, 30, 60, 120, 300, and 1440 min), 100-μL aliquots 
were taken from the reactor and the reaction was quenched by the addition of 
900 μL of water. Finally, the samples were stored at 4 °C prior to analysis. 
 
Bench-Scale Sample Analysis 
 
In order to obtain bench-scale kinetic data, the homogeneous catalyst-mediated 
2-imidazoline derivative formation (Figure 2.2) was determined with a 20-min 
HPLC-MS analysis. Optimal conditions for separation and quantification by a 
LCMS-2010A single-stage quadrupole HPLC-MS from Shimadzu involved 
injection of 10 μL of sample obtained from the bench-scale experiments onto a 
50 × 2 mm Phenomenex 125-Å Aqua 3-μM C-18 column. The flow rate was 200 
μL/min. Gradient elution conditions were as follows: starting conditions 80% A  
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(water with 0.1% of formic acid)-80% B (100% methanol). The data were 
obtained by the SIM of the imidazoline (m/z ) 310.2), and product formation was 
quantified with Labsolutions/LCMS solution software from Shimadzu.  

Finally, kinetic data of the different homogeneous Lewis acid catalysts 
was obtained by determining the slope of the initial rate period. 
 
 

 
Figure 2.2 Multicomponent reaction where benzylamine (a) and acetone (b) condensate into an 
imine (d) that subsequently reacts in a Lewis acid catalyzed reaction with p-nitrobenzylisocyanide (c) 
into a highly substituted 2-imidazoline derivative (e). 
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Results and Discussion 

 
Setup of the Continuous-Flow Screening System 
 
The present screening methodology is based on the implementation of mass 
spectrometric detection for the detailed study of homogeneous catalyst-mediated 
product formation as well as for the determi-!nation of substrate concentrations 
and the detection of solvated catalysts. In this system, standard HPLC pumps 
are utilized for the delivery of individual substrates, an HPLC autosampler is used 
for the introduction of homogeneous catalysts in the solvent stream, and a 
thermostated reactor is applied for the in-solution product formation and mass 
spectrometry for the determination of the synthesis product. 
 A main requirement to successfully monitor solution-phase reactions with mass 
spectrometry is the MS compatibility of the applied solvents. Organic syntheses 
usually involve solvents that are not commonly associated with mass 
spectrometric detection. While a water makeup flow can increase the mass 
spectrometry compatibility of a reaction in a hydrophilic solvent, this approach is 
not feasible when water-immiscible solvents are used. In order to investigate the 
usability of this continuous-flow system for syntheses in different solvents, we 
calibrated the performance under synthetic conditions by determining the limit of 

detection (LOD), the limit of quantification (LOQ), and the linearity of the 
online system for the 2-imidazoline derivative in both THF and dichloromethane. 
In order to determine the detection limits in THF, varying concentrations of in-
house synthesized and purified 2-imidazoline product standards (500 pM-10 μM) 
were injected into the online system where the continuous flow was composed of 
the imine and isocyanide substrates but in the absence of catalysts. The data 
obtained for the standards are mean values of triplicate determinations. The 
repeatability is very good with the highest variation coefficient determined to be 
4.1%. The LOD and LOQ, defined as 3 and 10 times the standard deviation of  
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the noise, were determined to be 1.6 and 5.2 nM, respectively. Moreover, from 5 
to 10 000 nM, the method proved to give excellent linear responses with a 
correlation coefficient of 0.9997. For the dichloromethane experiments, the same 
approach was used although the water makeup flow had to be omitted. 
Triplicates of nine product standards (1 nM-1 μM) were injected with a signal-to-
noise ratio of the lowest product standard of 135 with a RSD of 9%. From 1 nM to 
1 μM, the method proved to be linear with a correlation coefficient of 0.9955. 
These results confirm the applicability of this online approach for the sensitive 
and repeatable determination of 2-imidazoline formation. Additionally, the 

performance in THF and dichloromethane demonstrates that the monitoring of 
catalyst performance is not restricted to syntheses in hydrophilic solvents, and 
because of the low detection limits and variation coefficients, a short reaction 
time can be used in further experiments.  

An online continuous-flow reaction detection system using MS as 
detector was previously published by Hogenboom et al.[20] and used for the 
screening of receptor-ligand interactions. By applying a similar configuration for 
the screening of homogeneous catalysts, most system parameters are 
compromises between an optimum analyte response, system ruggedness, and 
sample throughput. In the current reaction detection system, the formation of 
product can be enhanced by increasing substrate concentrations, by increasing 
catalyst concentrations and catalyst injection volumes, by increasing reaction 
times, and by elevating reaction temperatures. However, elevated analyte and 
homogeneous catalyst concentrations lead to restricted continuous mass 
spectrometric analysis times due to mass spectrometric source pollution. 
Moreover, in this continuous-flow system, an extended reaction time causes 
increased analyte diffusion, decreased analyte peak heights, and limited catalyst 
injection repetition rates. One example of a compromise in the analytical system 
optimization is presented in Figure 2.3 where the optimization of reactor 
temperature of the synthesis of 2-imidazoline product in THF is shown. The 
baseline in this figure demonstrates an increased  non catalyzed formation of  
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product at elevated reactor temperatures, and although the highest reaction 
temperature yields the highest amount of formed product, considering the high 
flammability of THF, the system was further operated at a reactor temperature of 
40 °C. 

 

 
!"#$%&' ()*' Online reactor temperature optimization. The silver triflate-induced formation of 2-
imidazoline product in THF is determined with APCI-MS at increasing reactor temperatures. a"i: 10"80 

°C with 10 °C increment. 
 
System Ruggedness  
 
One of the key issues when applicability of a screening system is concerned is 
the ruggedness of the applied methodology. In mass spectrometry, the 
ruggedness is mainly limited by the introduction of nonvolatiles into the mass 
spectrometer. The ruggedness of the current screening system was investigated 
by the repetitive injecting of silver triflate catalyst every 4 min for 24 h. The 
analysis of successive catalyst injections is presented in Figure 2.4. In 1440 min,  
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the system was capable of performing 305 silver triflate analyses with a peak 
area variation within 7% residual standard deviation (RSD). The high intraday 
repeatability and the ruggedness demonstrate the potential of this new method. 
 

 
!"#$%&'+),'Ruggedness of the online methodology investigated by a 24-h consecutive analysis of a 
substrate conversion mediated with AgOTf Lewis acid catalyst. The chromatogram presents 280 
successive analyses with a RSD within 7%. The inset presents a zoom-in of the chromatogram and 
demonstrates the excellent peak area repeatability. 
 
Catalyst Screening 

 
In order to benchmark the new system, a selected number of metal-based Lewis 
acid catalysts were screened for activity. The results of the continuous-flow 
system were compared with the results obtained with a more traditional bench-
scale catalyst assessment. For the screening, eight representative Lewis acid 
catalysts (Cu(OTf)2, MgBr2,MgBr2·O(C2H5)2, MgI2, Mg(ClO4)2, NiNO3, Sc(OTf)3, 
AgOTf) and a blank were tested for activity toward a multicomponent synthesis of 
a highly substituted 2-imidazoline derivative. The traditional bench-scale catalyst 
screening method consisted of mixing of benzylamine, acetone, and p-
nitrobenzylisocyanide and the subsequent addition of a selected homogeneous  
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Lewis acid catalyst. After mixing, an aliquot was collected, the reaction quenched 
and diluted by the addition of water, and the sample stored at 4 °C prior to 
analysis. Furthermore, at certain time intervals (0, 10, 30, 60, 120, 300, and 1440 
min) this procedure was repeated until all the samples were acquired. 
Subsequently, the amount of 2-imidazoline was determined by using a gradient 
HPLC separation applying the SIM mode of a single-stage quadrupole mass 
spectrometer. From the chromatogram, the peak area of catalyst-mediated 2-
imidazoline synthesis product was determined. Finally, from the peak areas at 
certain intervals, conversion kinetics were calculated and performance of 

different homogeneous catalysts could be compared. In the continuous-flow 
screening experiments, the different homogeneous catalysts were injected into 
the substrate flow with a repetition rate of 4 min. The catalyst-mediated 
conversion of substrates into product occurred in the thermostated reactor, and 
the amount of product was instantly determined by peak integration of the 
chromatogram obtained with mass spectrometric detection utilizing the SIM 
option of the single-stage quadrupole mass spectrometer. The results of the 
traditional off-line screening method and continuous-flow screening approach are 
summarized in Figure 2.5. For the traditional bench-scale screening method, the 
performances of the different catalysts are presented as system blankcorrected 
slopes of the initial rate period. For the continuous-flow screening system, the 
performances of the different catalysts are presented as peak areas of the 2-
imidazoline product. The results present excellent agreement between the two 
screening procedures. In both methodologies, it is found that silver triflate is the 
best performing homogeneous catalyst in the multicomponent synthesis of the 
substituted 2-imidazoline. In both screening methods, the two best performing 
catalysts (AgOTf and CuOTf) as well as the two catalysts yielding the least 
product formation enhancement (ScOTf and NiNO3) are identical. Although the 
rating of equally performing catalysts diverges to some extent, both screening 
methodologies rate magnesium-based homogeneous catalyst as medium 
performing catalyst for this multicomponent reaction. 
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!"#$%&' ()-'Comparison of the two different catalysts performance determination approaches. The 
dark gray bars present the results (slope) obtained with the traditional off-line benchtop approach 
while the light gray bars present the results (peak area) obtained with the online system. 
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Conclusion 

 
We have presented a continuous-flow screening system for the determination of 
homogeneous catalyst activity and demonstrated the performance of the 
methodology with a screening application 
for homogeneous catalysts in multicomponent reactions. Because mass 
spectrometric detection is incorporated into the online method, the determination 
of product formation and substrate conversion as well as catalyst identification 

can be performed simultaneously.  
When the continuous-flow screening method is utilized, the assessment 

of homogeneous catalysts for a selected synthesis requires 4 min of analysis 
time per sample. Compared to the traditional bench-scale catalyst assessment, a 
considerable time advantage is achieved. Although the analysis time of the 
HPLC separation used in the bench-scale screening can be reduced significantly, 
even the fastest HPLC separation methods are not extensively faster than the 
proposed continuous-flow screening method. 

The sample preparation that the continuous screening technique requires 
consists of the preparation of substrate and sample solutions. This is comparable 
to the sample preparation required in the off-line screening approach with the 
remark that a multireactor setup used in the bench-scale method requires 
significantly more sample and substrate transfers.  

The design of the current bench-scale experiment was such that reaction 
kinetics were constructed from 2-imidazoline product determination at seven 
different reaction time intervals. This approach was selected because 
homogeneous catalyst assessments using the product formation at one fixed 
reaction time proved to not be successful due to high variation in formed 2-
imidazoline product caused by poor reaction time and sample handling 
repeatabilities. The repeatability of the off-line procedure can possibly be 
improved by applying high-precision robotics for the accurate transfer of fluids.  
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For the continuous-flow system, the high system repeatabilities are the result of 
fixed or accurately controlled system parameters, and therefore, a single reaction 
time catalyst assessment was feasible.  

Other virtues of our automated continuous-flow system are the low 
sample consumption, high sensitivity, and broad solvent, substrate, and product 
applicability.  

The experiments described in this paper are all conducted in both THF 
and dichloromethane. Although these are commonly used solvents in synthetic 
organic chemistry, the combination with mass spectrometric detection is less 

common and a demonstration of the versatility of the novel concept. The results 
obtained with the screening method are in good agreement with a traditionally 
applied bench-scale experiment and unambiguously demonstrates the power of 
the methodology for the screening of homogeneous catalysts. The current 
system can easily be adapted to other synthetic conversions by adjusting the 
continuous flows of the reaction substrates with the standard HPLC equipment 
that this system is based upon. 
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