Talanta 84 (2011) 623-631

Contents lists available at ScienceDirect

Talanta

journal homepage: www.elsevier.com/locate/talanta

Optimization of information content in a mass spectrometry based
flow-chemistry system by investigating different ionization approaches

Cornelius T. Martha, Jan-Carel Hoogendoorn, Hubertus Irth, Wilfried M.A. Niessen*

VU University Amsterdam, Faculty of Sciences, Section of Biomolecular Analysis, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands

ARTICLE INFO ABSTRACT

Article history:

Received 24 October 2010

Received in revised form 9 January 2011
Accepted 16 January 2011

Available online 27 February 2011

Current development in catalyst discovery includes combinatorial synthesis methods for the rapid
generation of compound libraries combined with high-throughput performance-screening methods to
determine the associated activities. Of these novel methodologies, mass spectrometry (MS) based flow
chemistry methods are especially attractive due to the ability to combine sensitive detection of the formed
reaction product with identification of introduced catalyst complexes. Recently, such a mass spectrom-
etry based continuous-flow reaction detection system was utilized to screen silver-adducted ferrocenyl
bidentate catalyst complexes for activity in a multicomponent synthesis of a substituted 2-imidazoline.
Here, we determine the merits of different ionization approaches by studying the combination of sen-
sitive detection of product formation in the continuous-flow system with the ability to simultaneous
characterize the introduced [ferrocenyl bidentate+Ag]* catalyst complexes. To this end, we study the ion-
ization characteristics of electrospray ionization (ESI), atmospheric-pressure chemical ionization (APCI),
no-discharge APCI, dual ESI/APCI, and dual APCI/no-discharge APCI. Finally, we investigated the applica-
tion potential of the different ionization approaches by the investigation of ferrocenyl bidentate catalyst
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complex responses in different solvents.
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1. Introduction

Modern developments in catalyst discovery involve combina-
torial synthesis methods for the generation of large number of
potential catalysts [1,2]. In order to synchronize the through-
put of the activity assessment with the number of candidates,
high-throughput performance-screening methods are increasingly
being developed and utilized for the exploration and optimiza-
tion of catalyst libraries and associated reaction characteristics. By
monitoring the product formation, the influence of catalyst activi-
ties, substrate ratios, reaction temperatures and reaction pressures
can be recorded and, in online flow chemistry systems, directly
optimized. Of these novel methodologies, mass spectrometry (MS)
based continuous-flow reaction detection systems offer excep-
tional throughput, ease of automation, selectivity and sensitivity
[3]. The pertinence of this screening methodology is demonstrated
in various publications concerning enzymatic (inhibitory) activities
[4-6]. More recently, we introduced an MS-based continuous-flow
reaction detection system that enables rapid evaluation of homo-
geneous catalyst performance in synthetic conversions[3,7].In one
of these studies [3], we used homogenous catalysis of a multicom-
ponent reaction for the synthesis of a substituted 2-imidazoline
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using a Lewis acid catalyst (silver triflate) combined with Josiphos-
type ferrocene diphosphine ligands. Such ferrocene-based catalysts
provide an ideal template where the activity and selectivity can
be adjusted by alteration of substituents [8,9]. The popularity of
this exemplary metallocene in material science, organometallicand
coordination chemistry is derived from the unique combination
of properties associated with this electron-rich aromatic scaffold.
These characteristics result in a catalyst ligand family that is asso-
ciated with a wide variety of synthetic conversions comprising
exceptional enantioselectivities, substrate-to-catalyst ratios and
turnover frequencies [10]. Our MS-based continuous-flow system
offers excellent specificity and selectivity for the sensitive detec-
tion of target (product) molecules in the presence of substrates and
catalyst complexes. When a single time-point is used to assess cat-
alyst activity, it is of eminent importance that the formed product
is quantified after the conversion reaches the initial rate period.
Then, it is unnecessary to determine complete reaction progress
curves. Additionally, the quantification has to be performed at
exactly the same reaction time. For this system with a fixed reactor
volume and associated reaction time, it was demonstrated that a
single time-point sufficed for an activity assessment. By correct-
ing for solvent specific product responses, catalyst performance
results obtained in various solvents could be directly compared [3].
Moreover, it was demonstrated that the same system could be uti-
lized for a high-throughput optimization of rudimentary reaction
parameters.
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Scheme 1. The six ferrocenylbidentates (1-6) of the in-house produced catalyst library (left). In APCI (right), these complexes fragment into class specific fragments F1, F2,

F3, F4 and F5.

It was found that the silver-adducted ferrocene diphosphine cat-
alyst complexes show structure-informative fragmentation under
atmospheric-pressure chemical ionization (APCI) MS conditions.
This fragmentation of [ferrocenyl bidentate+Ag]* adduct ions was
studied previously in detail using electrospray ionization (ESI) MS"
[11].

Although the promise of direct detection in flow chemistry sys-
tems was illustrated previously, the ability to use the incorporated
MS detector for a provisional identification of introduced com-
pounds is untapped. This feature is especially attractive in flow
chemistry systems where focused libraries of analogues are pro-
duced on the fly. In that way, the synthesized structural analogues
can be simultaneously (provisionally) identified.

Here, we describe the characteristics of the [ferrocenyl
bidentate+Ag]* catalyst complexes in a variety of solvent systems
in both ESI MS and APCI MS. The fragmentation of these complexes
in APCI MS is compared to that in ESI MS™. The potential of a flow
chemistry reaction detection system equipped with single-stage
quadrupole MS is evaluated with respect to its ability to screen
for catalyst performance and to (provisionally) identify the (active)
catalysts in a combinatorial synthesized library. In order to opti-
mize the information content of the mass spectrometric detection,
the potential of ESI in a dedicated ESI source, APCI, no-discharge
APCI (ND-APCI), and rapid switching between APCI and ND-APCI
in a dedicated APCI source, as well as rapid switching between ESI
and APCI in a dual-ESI/APCI source was investigated.

2. Experimental
2.1. Solvents

The MS investigation of the catalyst complexes was con-
ducted in six different solvents: GC-grade (>99%) tetrahydrofurane

(THF) and dichloromethane (DCM) were purchased from Fluka
(Buchs, Switzerland), methanol (MeOH, absolute ULC/MS grade)
and acetonitrile (ACN, HPLC-S grade) from Biosolve (Valkenswaard,
the Netherlands) and 2-propanol (IPA, >99.8%) and ethyl acetate
(EtOAc, >99.5%) from Sigma-Aldrich (Steinheim, Germany).

2.2. Multicomponent reaction

The ferrocene catalyst complexes are injected into a stream
of reactants. The applied multicomponent reaction involves three
reactants: acetone (>99%) was purchased from ].T. Baker (Deventer,
the Netherlands), benzylamine was purchased from Fluka, while p-
nitrobenzylisocyanide and 2-imidazoline product standards were
synthesized in-house [12]. In the experiments that demonstrate
the MS performance in screening conditions, 4 mM reactant was
used.

2.3. Ferrocene ligand library

The ferrocene ligand library studied here comprises six fer-
rocene ligands (see Scheme 1 for structures and elemental
composition) that were synthesized in-house in 6 steps starting
from ferrocene carboxaldehyde according to procedures described
elsewhere [13]. The catalyst complex solutions were prepared by
1:1 mixing 200 M silver trifluoromethanesulfonate (silver tri-
flate, AgOTf, >98%, Fluka) and 200 uM of the ferrocene ligand in
the appropriate solvent. The optimal concentration in an activity
assessment was determined previously by determining product
formation at different catalyst concentrations [3]. When a cata-
lyst/reactant ratio exceeding 2.5% (=100 M) of catalyst was used,
no increased product formation could be detected due to saturation
of the reaction mixture.
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Reaction Detection

Fig.1. Schematic overview of the continuous-flow reaction detection catalyst activ-
ity screening system. The system is composed of a substrate delivery unit comprising
two HPLC pumps that pump the imine (Reactant A) formed after the condensa-
tion of acetone and benzylamine and the p-nitrobenzylisocyanide (Reactant B).
When the reactants are mixed, an autoinjector is used to introduce the ferrocenyl
bidentate-silver triflate catalyst complexes into the stream of substrates after which
the catalyst-mediated conversion into the 2-imidazoline product occurs in the coiled
open tubular reactor. Finally, product formation is monitored with a SIM trace of
the product ion and the different catalyst complexes are determined using a full-
spectrum TIC trace.

Solvent delivery
Reactant A

Injection

2.4. Reaction detection system

The flow chemistry reaction detection system consisted
of an online coupled substrate delivery unit, a temperature-
controlled reactor, and a mass spectrometric detector (Fig. 1).
The substrate delivery unit was composed of two Shimadzu
(’s-Hertogenbosch, the Netherlands) LC-20AD HPLC pumps that
delivered the preformed imine and p-nitrobenzylisocyanide sub-
strates at 200 pL min—! into a mixer (Valco International, Schenkon,
Switserland). With dichloromethane solutions, due to equipment
incompatibilities, the substrate delivery was performed using two
Gilson Model 302 (Villiers-le-Bel, France) HPLC pumps. Subse-
quently, 10 pL of the catalyst complex of interest was injected
by employing a Spark Holland (Emmen, the Netherlands) Midas
autosampler. The conversion into product occurred in an in-house
produced coiled open tubular reactor immersed in a temperature
controlled water bath at 60 °C (Grant Cambridge, UK).

2.5. Single-stage quadrupole MS detection in the reaction
detection system

The system is equipped with a Shimadzu LCMS-2010EV single-
stage quadrupole mass spectrometer, operated by alternating
between two events. The first event (1.0s) is used to assess cat-
alyst complex activity by selected ion monitoring (SIM) of the
2-imidazoline product (m/z 310.2), while the second event (0.2 s) is
used to study catalyst complexes with a full-spectrum analysis in
the mass range m/z 140-1200. This set-up is optimized for the sen-
sitive detection of the product that is formed in the catalysts activity
screening experiments. However, the limited acquisition time for
the full-spectrum analysis compromises the mass accuracy.

For the investigation of catalyst complexes, ESI, APCI and ND-
APCl in positive ion mode were utilized. The MS was operated with
a detector voltage of 1.7 kV. ESI settings included an interface and
curved desolvation line (CDL) temperature of 250°C, an interface
voltage of 4.5kV and a nebulizer gas-flow of 1.5 Lmin~. The opti-
mal APCI and ND-APCI settings only differ from the ESI settings by
the applied interface temperature of 450°C and a nebulizer gas-
flow of 2.5Lmin~!. In APCI, a corona discharge voltage of 4.5kV
was applied while in ND-APCI the corona discharge was kept at
0kV.

2.6. Single-stage quadrupole MS detection with dual-ESI/APCI
source

The potential of ESI/APCI switching in a continuous-flow reac-
tion detection system was investigated by equipping the platform
with a Shimadzu LCMS-2020 single-stage quadrupole MS fitted

with a dual ion source (DUIS). The single quadrupole MS was oper-
ated with a single full-spectrum analysis event (0.2s), a detector
voltage of 1.2kV, a mass range m/z 100-1000. The MS was oper-
ated with a desolvation line (DL) temperature of 300°C, a heat
block temperature 0of 450 °C, a nebulizer gas-flow of 1.5 Lmin~!. For
the ESI experiments, an interface voltage of 4.50kV was applied,
whereas for the APCI experiments, a corona discharge voltage of
4.5kV was applied. In the additional in-source CID experiments,
the optimal Q-array voltage was found to be 130V.

3. Results and discussion
3.1. Continuous-flow reaction detection system

The current flow chemistry reaction detection system (Fig. 1)
is a flow chemistry system designed for the assessment of catalyst
(complex) performance towards a specific synthetic conversion in
a system equipped with MS detection. In more traditional cata-
lyst performance screening methods, catalyst performance is rated
based on kinetics determined from the increased slope of the ini-
tial rate period at different reaction times. In our system, however,
conversion into product occurs in a flow-through reactor with fixed
internal volume and associated fixed reactor residence time. In
the resulting one time-point activity assessment procedure, the
reaction time only slightly exceeds the initial rate period, thereby
accomplishing a significantly increased throughput [7]. The incor-
porated MS detector allows for the sensitive quantification of the
synthesis product and assessing catalyst performance by an auto-
mated determination of the peak area from the SIM product trace
(m/z 310.2). Moreover, because system parameters like substrate
flow-rates and ratios, the amount of injected catalyst, reaction
time, reaction pressure and reaction temperature are either fixed
or very accurately controlled, the system provides the high system
accuracy, repeatability and reproducibility required for such a one
time-point catalyst assessment approach [3,7].

The atom-efficient three-component synthetic conversion that
was studied as a model reaction involves the Lewis-acid cat-
alyzed synthesis of a 2-imidazoline from an intermediate imine,
preformed by condensation of a ketone with an amine, and a sub-
stituted isocyanide [14]. In this reaction, the involved condensation
equilibrium requires the synthetic conversion to be conducted in a
water-free environment. This exemplary multicomponent reaction
is ideally suited for the generation of focused libraries of pharma-
ceutical interesting analogues. By varying substituents, molecular
diversity is rapidly introduced and different 2-imidazolines gener-
ated.

3.2. Ionization of catalyst complexes in the reaction detection
system

In the development of this MS-based screening platform, the
merits of both APCI MS and ESI MS ionization were investigated.
An important factor in the application perspective of any MS-
based flow chemistry system for catalyst performance assessment
is the possibility to be operated in the variety of (non-aqueous)
solvents employed in synthetic organic chemistry (e.g. MeOH,
ACN, IPA, EtOAc, THF and DCM). Dissimilar ionization efficiencies
of the formed product in different solvents requires additional
calibration efforts in order to be able to quantitatively compare
screening results from different solvents. In previous studies, APCI
MS was successfully employed for the sensitive detection of the
2-imidazoline product (m/z 310.2) in different solvents by calibrat-
ing solvent-specific 2-imidazoline responses of product standards
[3]. In ESI MS with the non-aqueous solvents, the reaction prod-
uct was detected with reduced sensitivity. However, in the current
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discussion, next to reaction product detection, the characterization
of the catalysts complexes and the optimization of the information
content is considered important as well.

The spectra in Fig. 2 that were acquired using ESI MS and APCI
MS illustrate the inherent characteristics of the two ionization
methods when silver-adducted ferrocenyl bidentate ligands were
introduced in THF as solvent. In the ESI MS spectrum, an abundant
[M+Ag]* adduct ion is observed while the APCI MS spectrum shows
only a minor [M+Ag]* adduct ion next to extensive fragmentation.
Apparently, the limited amount of energy that is involved in the ESI
process results in the efficient transfer of intact catalyst complexes
from the solution to the gas phase. When APCI MS is utilized, the
transfer of intact catalyst complexes is less efficient. The fragment
ions observed in the APCI spectra can originate either from ther-
mally induced solution-phase dissociation of the catalyst complex
with subsequent ionization of the degradation products in the gas-
phase or from transfer to the gas phase of the intact silver-adducted
catalyst complex with the subsequent fragmentation of this com-
plex in the APCI trajectory, induced by either the high temperatures
in the ionization trajectory (nebulizer and source), the harsh corona
discharge conditions, or both. As aresult, ESIMS is generally consid-
ered to be better suited for the investigation of the solution-phase
chemistry since many molecular processes and interactions are
conserved in their transfer to the gas phase [15,16]. However, the
goal of MS detection in our reaction detection system is not the
conservation of the solution-phase chemistry but rather the ability
to quantify the reaction product formation and to simultaneously
characterize those injected catalysts that provide enhanced prod-
uct formation. The extensive fragmentation that is generated with
APCI may result in enhanced identification potential.

3.3. Comparison of fragment ions generated in APCI MS and in
Ms?

The fragmentation of the studied silver-adducted ferrocene
diphosphine catalysts (see Scheme 1 for their structures) in ESIMS"
was discussed in detail elsewhere [11]. The characteristic fragment
ions are summarized in Scheme 1. The m/z value of [M+Ag]* and the
fragments F1 with m/z 689 and F2 with m/z 581 are most relevant
for catalyst characterization. The fragment ion F1 with m/z 689 is
due to the loss of the amine side chain as an imine. The generally
more abundant fragment ion F2 with m/z 581 is due to the loss of
AgH and the amine side chain as an imine (see Scheme 1). The m/z
difference between the [M+Ag]* and the fragment ions with m/z
689 and/or 581 may be used to calculate the mass of the amine
substituent. In addition, in ESI MS2, a low-m/z fragment due to the
N-ethylidene immonium ion (F5) is observed as well [11].

Most of the fragment ions observed in ESI MS?2 spectra are actu-
ally also observed in the APCI spectra (cf. Fig. 2B). Next to a weak
[M+Ag]* adduct ion, the structure-informative fragment ions with
m/z 689 and 581 are readily observed. In addition, the backbone
fragment ions with m/z 396 (F3 in Scheme 1) and 305 (F4) are
observed with low abundance. These data indicate that an APCI
spectrum of a silver-adducted ferrocene diphosphine, acquired
during activity assessment in the continuous-flow reaction detec-
tion system, can be applied in the initial characterization of (the
more active) catalysts without the need for MS" or high-resolution
mass spectrometry.

Careful inspection of the APCI spectra (Fig. 2) reveals the pres-
ence of apparent fragment ions with m/z 597 and 613, that is
m/z 581+ 16 and m/z 581 + 32, respectively. Accurate-mass deter-
mination (data not shown) indicates that these ions are due to
oxidation. In some cases, especially with adulteration of the cat-
alyst solutions, intact oxygenated impurities are observed as well,
especially in ESI MS spectra (Fig. 2A), where the intact [M+Ag]*
shows greater abundance. The occurrence of oxidative impurities

with 1,1’-bis(diphenylphosphino)-ferrocenes was recently demon-
strated by Wu et al. [17]. In a normal setting for activity screening,
fresh solutions of the catalyst are used, and these additional ions
are less abundant or even absent.

Finally, at the low-m/z end of the APCI MS spectrum, ions due
to the reactants like the protonated imine reactant with m/z 148
and (intense) solvent background ions are observed. Unfortunately,
the solvent background ions limit the detection of the low-m/z
compound-specific N-ethylidene immonium ion (F5).

3.4. Solvent effects in APCI and ESI of catalyst complexes

The spectra of the catalyst complexes in Figs. 2 and 5 were
acquired in THF and EtOAc, respectively. The solvent specific
responses of the silver-adducted ferrocenyl bidentate catalyst com-
plexes in APCI MS and ESI MS were determined by injecting the
catalyst complexes in different solvents. Solvent and ionization
method specific responses of intact catalyst complex and their frag-
ment ions were determined from the peak areas in extracted ion
chromatogrames.

First, the response of the catalyst complexes in different solvents
was compared between ESI MS and APCI MS. In order to remove the
influence of the intense solvent-related background ions at low m/z,
which is especially important in APCI, the response of the catalyst
complexes was determined from the total ion current (TIC) in the
range of m/z 500-850. In this way, the class-specific fragment ions
with m/z 396 and 305, that are only present with low abundance,
were ignored as well.

In ESI MS, the catalyst complexes showed best response in THF,
IPA, and (perhaps somewhat surprisingly) DCM. The response in
these solvents is up to four fold higher than in the other solvents,
EtOAc, MeOH and ACN. An up to threefold difference in response
may be observed with individual catalyst complexes in a particular
solvent (data not shown).

In APCI MS, poor response for catalyst complexes is observed
in IPA and DCM, whereas the responses in EtOAc, MeOH, THF, and
ACN are about similar, spanning a range of a factor 2-3, but at least
four times higher than in IPA or DCM. In THF, the best solvent for
ESI MS, the response in APCI MS is about four times lower than in
ESI MS. For EtOAc and MeOH, the response in APCI MS is slightly
higher than in ESI MS; in ACN, similar responses are observed in
ESI MS and APCI MS (data not shown). These differences appear
not to be correlated to solvent properties such as proton-donor
or proton-acceptor properties, dielectric constant, surface tension,
boiling point and viscosity.

The poor response of the catalyst complexes in [PA with APCI MS
may be disadvantageous in practical use of the continuous-flow
reaction detection system, because previous data show that the
best catalytic performance of these complexes is achieved in ACN,
IPA and EtOAc [3].

The extent of fragmentation can be evaluated from the abun-
dances for [M+Ag]* and the characteristic fragment ion F2 with
m/z 581. This is demonstrated for all six complexes in THF for ESI
MS (Fig. 3A) and APCI MS (Fig. 3D) and for catalyst complex 5 in dif-
ferent solvents for ESI MS (Fig. 3B) and APCI MS (Fig. 3E). These data
show that in ESI MS [M+Ag]* is generally ten times more abundant
than the F2 ion for all solvents, except MeOH. In APCI, the abun-
dance of [M+Ag]* is more or less constant for the relevant solvents
(EtOAc, MeOH, THF, and ACN) and significantly less (typically ten
times) than that of the F2 ion with m/z 581. Similar plots could have
been shown for the other catalyst complexes and other solvents.
This means that the trends indicated with Fig. 2 appears to be valid
for all conditions, except ESIMS in MeOH. This is in fact also demon-
strated for ESI MS in Fig. 3C and for APCI MS in Fig. 3F, where the
averaged responses (for [M+Ag]* and F2) of the six catalyst com-
plexes in the six solvents are compared. Interestingly, the average
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Fig. 2. Mass spectra of the silver adducted catalyst ferrocene complex 5 in THF recorded with a single-stage quadrupole MS equipped with an ESI (A) and APCI (B) interface.
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ratio of [M+Ag]* and TIC (range of m/z 500-850) is almost constant
for all solvents in both ESI MS and APCI MS (data not shown).

3.5. Alternative ionization strategies: dual ESI/APCI

In choosing the ionization conditions in the reaction detection
system, one has to consider both the detection of the 2-imidazoline
reaction product and the optimum characterization of the injected
catalyst complex. In previous studies [3,7], it was found that best
performance in detection of the reaction product is achieved with
APCI MS rather than ESI MS. The response of the reaction prod-
uct is also dependent on the solvent, with a 20-fold difference
between the response in IPA (lowest) and DCM (highest) [3]. Most
favorable solvents for product detection are DCM, ACN and EtOAc,
although catalyst performance assessment is possible in all six sol-
vents tested.

For optimum characterization of the catalyst complexes, we
argued that one would like to detect both the intact [M+Ag]+ and
the specific fragments F1, F2 and preferably F5. This would require
switching between ESI MS and APCI MS. In that case, ESI MS is used
for the detection of the intact [M+Ag]* and APCI MS is used for
the generation of the specific fragments F1, F2, F5 and the sensi-
tive detection of the formed product. In a simultaneous ESI/APCI

source, the conditions of the continuous APCI ionization result in
the undesired fragmentation of the intact [M+Ag]*.

Dual ESI/APCI sources have become commercially available
from most instrument manufacturers, especially to enhance the
applicability range in screening of combinatorial libraries [18,19].
These dual sources either enable scan-wise switching between ESI
MS and APCI MS or they perform ESI and APCI simultaneously
in different regions within the same source housing. In the Dual
ESI/APCI source available for our Shimadzu 2010 LC-MS system, ESI
and APCI are performed simultaneously. Therefore, such a source
is not useful to our needs. Interestingly, the Dual ESI/APCI source
(DUIS) available for the more recent Shimadzu 2020 LC-MS sys-
tem enables scan-wise switching between ESI and APCI modes.
Therefore, some preliminary experiments were performed with
the latter system in the characterization of the catalyst com-
plexes.

Some results of the experiments with the DUIS are presented in
Fig. 4. The catalyst complex 5 is injected into a 200 wLmin~! flow
of IPA and alternating ESI MS, APCI MS and APCI MS with in-source
CID mass spectra were acquired. The ESI MS spectrum (Fig. 4A)
closely resembles the spectrum acquired with a dedicated ESI MS
source (Fig. 2A). The APCI MS spectrum (Fig. 4B), however, does not
present the same extent of fragmentation as in the dedicated APCI
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Fig. 5. ESI MS (A), APCI MS (B), and NDAPCI MS (C) spectra of silver coordinated ferrocenylbidentate complex 5 in IPA.

MS source. In the DUIS, the solvent is nebulized using pneumatically
assisted electrospray, and not via the heated nebulizer of the ded-
icated APCI probe. These spectra thus indicate that (a part of the)
fragmentation observed with the dedicated APCI source should be
the result of thermally induced decomposition, either in the liquid
phase during nebulization or in the gas phase after nebulization.
Obviously, in-source CID with a higher voltage on the Q-array can
be applied to induce fragmentation, as demonstrated for APCI MS
in Fig. 4C. The relative abundance of the fragment ion with m/z
581 is still less than in the dedicated source, and the overall sen-
sitivity is compromised. It must be added that, although in-source
CID worked nicely in the LC-MS 2020 instrument, we were mostly
not very successful with performing in-source CID in our LC-MS
2010 instrument. Finally, a careful inspection of the in-source CID
spectra of all catalyst complexes reveals that next to the known

fragments, a variety of other ions are observed, which may hamper
straightforward identification of the injected catalyst.

3.6. Alternative ionization strategies: no-discharge APCI

An alternative solution-phase ionization approach is to utilize
“no-discharge APCI” (ND-APCI). This method was developed by
Cristoni et al. [20,21] and is essentially based on the nebuliza-
tion of the solvent stream using the heated nebulizer applied in
APCI. Solution-phase ions are transferred into the gas phase by
thermal vaporization induced coulomb expansion [22]. As such,
this technique closely resembles thermospray ionization [23,24],
atmospheric pressure spray ionization (APSI) [25], and surface acti-
vated chemical ionization (SACI) [26]. Moreover, the same principle
appears to be involved in atmospheric pressure photo ionization
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(APPI)[27,28]. To our knowledge, ND-APCI has not yet been applied
in the study of organometallic compounds.

As the silver-adducted ferrocene diphosphine complexes are
present as preformed ion in solution, they should be readily
amenable to ND-APCI. As ND-APCI uses the same hardware as ded-
icated APCI, scan-wise switching between the two modes would
enable us to simultaneously, that is within one injection, detect the
reaction product, the intact [M+Ag]* of the catalyst complex, and
the structure-informative fragment ions.

In the spectra of the exemplary catalyst complex 5 presented in
Fig. 5, two alternatingly acquired APCI/ND-APCI spectra are shown
and compared to an ESI MS spectrum. As expected from the data in
Fig. 3B, slightly more fragmentation is observed in ESI MS for 5 in
IPA than in THF (Fig. 2A). In ESI MS and ND-APCI MS, similar spectra
are obtained, but the response in ND-APCIMS is about tenfold lower
than in ESI MS. These data indicate that the fragment ions observed
in APCI MS spectra are primarily due to gas-phase fragmentation
reactions, probably induced by the harsh condition of the corona
discharge and the resulting reagent gas rather than liquid-phase
thermally induced decomposition, as the same heated nebulizer is
applied in the APCI and ND-APCI experiments. Similar observations
were made in the comparison of APCI and ND-APCI in the analysis
of peptides [20,21]. ND-APCI is applicable to ferrocene complexes
in all solvents, except THF and DCM. By employing two acquisition
events, it is possible to alternate between an ionization event that
is optimized for the transfer of intact silver-adducted catalyst com-
plexes (ND-APCI) and one for the optimum detection of the reaction
product and providing enhanced identification potential for further
characterization of active catalysts.

3.7. Sensitivities of the different ionization techniques

To investigate the ionization technique specific characteris-
tics under real reaction detection conditions, the lower limit of
detection (LLOD, S/N=3), the linearity and the dynamic range for
the reaction product was determined using triplicate injections of
in-house synthesized product standards (100 pM to 10 wM) in a
stream of reactants. The LLOD was 100pM in APCI, 1nM in ESI
and 10nM in ND-APCI. The linear dynamic range was between
10 and 100nM for ND-APCI, between 1nM and 100nM for ESI,
and between 0.1 nM and 1000 nM for APCI. These results indicate
that APCI is the favored ionization technique to determine prod-
uct formation. For simultaneous characterization of the injected
catalyst complex, APCI is preferably combined with an alternative
ionization approach, either APCI with in-source CID in a DUIS, or
ND-APCL

A quantitative comparison between the two approaches is pre-
sented in Fig. 6 (top bar chart) where the catalyst complex 5 is
injected in IPA. As can be seen in Fig. 6A, APCI MS with the dedi-
cated APCI probe provides the highest sensitivity for both [M+Ag]*
and fragment F2 with the highest intensity for fragment F2. The
APCI spectrum obtained in the DUIS experiment predominantly
resulted in the transfer of the intact [M+Ag]* accompanied by minor
fragmentation. In ND-APCI, the intensity of both species is signif-
icantly lower. Finally, the in-source CID experiments in the DUIS
source resulted in significantly lower intensity than in all other
experiments.

As Fig. 6B (bottom bar chart) demonstrates, the lowest
F2/[M+Ag]* ratio is achieved in the ND-APCI event and this
ionization approach is thus best capable of transferring intact cat-
alyst complexes with minor associated fragmentation. The highest
F2/[M+Ag]* ratio is found in the dedicated APCI MS experiments,
indicating the highest fragmentation yield. This indicates that
APCI/ND-APCI is the best ionization strategy for the determination
of these silver-adducted ferrocenyl catalyst complexes, although it
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Fig. 6. Comparison of the different ionization strategies by the injection of catalyst
complex 5 in IPA.

cannot be operated in all solvents tested.

4. Conclusion

The ability to simultaneously assess catalyst performance
and (provisionally) identify the introduced catalyst complexes
was investigated for six different solvents with an MS-based
continuous-flow reaction detection system equipped with different
ionization sources. Although the obtained in-source fragmen-
tation with APCI MS was significantly less profound than the
fragmentation with dedicated (high-resolution) MS" instruments,
comparison of the fragmentation with the previously elucidated
fragmentation patterns results in the ability to characterize the
introduced catalyst complexes from APCI MS spectra acquired on a
single-stage quadrupole MS system, especially if APCI is performed
in combination with ND-APCI to determine the intact [M+Ag]*.
For final and more complete identification of highly active cata-
lyst complexes, additional technology such as high-resolution MS"
will still be necessary.

References

[1] B. Jandeleit, D.J. Schaefer, T.S. Powers, H.W. Turner, W.H. Weinberg, Angew.
Chem. Int. Ed. 38 (1999) 2494-2532.
[2] A.Hagemeyer, B. Jandeleit, Y. Liu, D.M. Poojary, H.W. Turner, A.F. Volpe Jr., W.H.
Weinberg, Appl. Catal. A: Gen. 221 (2001) 23-43.
[3] C.T. Martha, A. Heemskerk, J.C. Hoogendoorn, N. Elders, W.M.A. Niessen, R.V.
Orru, H. Irth, Chem. Eur. J. 15 (2009) 7368-7375.
[4] A.C. Hogenboom, AR. de Boer, RJ.E. Derks, H. Irth, Anal. Chem. Anal. Chem. 73
(2001) 3816-3823.
[5] A.Liesener, A.-M. Perchuc, R. Schoni, M. Wilmer, U. Karst, Rapid Commun. Mass
Spectrom. 19 (2005) 2923-2928.
[6] AR. de Boer, T. Letzel, H. Lingeman, H. Irth, Anal. Bioanal. Chem. 381 (2005)
647-655.
[7] C.T. Martha, N. Elders, J.G. Krabbe, ]. Kool, W.M.A. Niessen, R.V.A. Orru, H. Irth,
Anal. Chem. 80 (2008) 7121-7127.
[8] P. Stepnicka, Ligands Ferrocenes, Materials and Biomolecules, Wiley & Sons
Ltd., Southern Gate, Chichester, UK, 2008.
[9] H.-U. Blaser, W. Brieden, B. Pugin, F. Spindler, M. Studer, A. Togni, Top. Catal.
19 (2002) 3-16.
[10] A.Togni, C. Breutel, A. Schnyder, F. Spindler, H. Landert, A. Tijanit, J. Am. Chem.
Soc. 116 (1994) 4062-4066.
[11] C.T. Martha, W.-]. van Zeist, F.M. Bickelhaupt, H. Irth, W.M.A. Niessen, ]. Mass
Spectrom. 45 (2010) 1332-1343.
[12] RS. Bon, C. Hong, M.]. Bouma, R.F. Schmitz, F.J.J. de Kanter, M. Lutz, A.L. Spek,
R.V.A. Orru, Org. Lett. 5 (2003) 3759-3762.
[13] T.Hayashi, A. Yamazaki, J. Organomet. Chem. 413 (1991) 295-302.
[14] N. Elders, RF. Schmitz, F.].]. de Kanter, E. Ruijter, M.B. Groen, R.V.A Orruy, J. Org.
Chem. 27 (2007) 6135-6142.
[15] ].C. Traeger, Int. ]. Mass Spectrom. 200 (2000) 387-401.
[16] V.B. di Marco, G.G. Bombi, Mass Spectrom. Rev. 25 (2006) 347-379.
[17] L. Wu, H. Hernandez-Soto, D.Q. Liu, F.G. Vogt, S.A. O’'Neill-Slawecki, Q. Su, Rapid
Commun. Mass Spectrom. 22 (2008) 314-320.



C.T. Martha et al. / Talanta 84 (2011) 623-631 631

[18] R.T.Gallagher, M.P. Balogh, P. Davey, M.R. Jackson, I. Sinclair, LJ. Southern, Anal.
Chem. 75 (2003) 973-977.

[19] K.Yu,L.Di,E.Kerns,S.Q.Li, P. Alden, R.S. Plumb, Rapid Commun. Mass Spectrom.
21(2007) 893-902.

[20] S. Cristoni, L. Rossi Bernardi, I. Biunno, F. Guidugli, Rapid Commun. Mass Spec-
trom. 16 (2002) 1153-1159.

[21] S. Cristoni, L. Rossi Bernardi, I. Biunno, F. Guidugli, Rapid Commun. Mass Spec-
trom. 16 (2002) 1686-1691.

[22] S. Cristoni, L. Rossi Bernardi, F. Guidugli, M. Tubaro, P. Traldi, J. Mass Spectrom.
40 (2005) 1550-1557.

[23] CR.Blakley, M.L. Vestal, Anal. Chem. 55 (1983) 750-754.

[24] M.L. Vestal, Mass Spectrom. Rev. 2 (1983) 447-480.

[25] M. Sakairi, H. Kambara, Anal. Chem. 61 (1989) 1159-1164.

[26] S. Cristoni, L. Rossi Bernardi, I. Biunno, M. Tubaro, F. Guidugli, Rapid Commun.
Mass Spectrom. 17 (2003) 1973-1981.

[27] P. Hommerson, A.M. Khan, T. Bristow, W.M.A. Niessen, G.J. de Jong, G.W. Som-
sen, Anal. Chem. 79 (2007) 5351-5357.

[28] D.B. Robb, M.W. Blades, Anal. Chim. Acta 627 (2008) 34-49.



	Optimization of information content in a mass spectrometry based flow-chemistry system by investigating different ionizati...
	Introduction
	Experimental
	Solvents
	Multicomponent reaction
	Ferrocene ligand library
	Reaction detection system
	Single-stage quadrupole MS detection in the reaction detection system
	Single-stage quadrupole MS detection with dual-ESI/APCI source

	Results and discussion
	Continuous-flow reaction detection system
	Ionization of catalyst complexes in the reaction detection system
	Comparison of fragment ions generated in APCI MS and in MSn
	Solvent effects in APCI and ESI of catalyst complexes
	Alternative ionization strategies: dual ESI/APCI
	Alternative ionization strategies: no-discharge APCI
	Sensitivities of the different ionization techniques

	Conclusion
	References


