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Pressurized sample infusion (PSI) is a simple and effective
means of continuously introducing a solution to an electrospray
ionization mass spectrometry (ESI-MS) source. It allows for
acquisition of real-time data in an air- and moisture-free
environment and requires minimal additional infrastructure. It is
applicable for use for any reaction in which one or more

1. Introduction

Real-time reaction monitoring does not necessarily mean rapid
or in situ analysis, though it can involve both; it simply means a
type of analysis that allows the experimenter to probe the
reaction as it is happening and make decisions about how to
proceed, for example, when to add the next reagent, when to
increase the temperature, when to add more catalyst, or when
to stop the reaction as it comes to completion. An off-line
technique can be used in a real-time sense if the reaction is
sufficiently slow; however, most of the examples in this review
will focus on techniques that provide results to the chemist
monitoring the reaction on a time frame of seconds and
minutes.

High Performance Liquid Chromatography (HPLC) is a
common method of reaction monitoring as it provides data
density as well as deconvolution of reaction components.
Additionally, it is compatible with several detection methods
such as UV-Vis spectroscopy, fluorimetry, and evaporative light
scattering.!” This method of reaction monitoring, however, is
considered off-line as aliquots must be withdrawn from the
reaction solution at specified time intervals and subsequently
injected into the HPLC. On-line dilution of process level
concentrations has been achieved by Hein and coworkers such
that the aliquot is withdrawn from the reaction vessel and
diluted in-line prior to injection on to the HPLC column.” HPLC
has also been adapted to accommodate air-sensitive reaction
monitoring through the use of a glovebox.”!

Nuclear Magnetic Resonance (NMR) spectroscopy offers
real-time data acquisition when equipped with a flow system™
or a stopped-flow system.*® This allows for reaction intermedi-
ates to be observed, provided they are not short-lived and
produced in high enough concentrations. Physical factors, such
as consistent mixing and flow rates of these systems, are the
key to maintaining quality data. In most cases, a protic solvent
will be used rather than a deuterated solvent to ensure the
reaction conditions are as realistic as possible; however, this can
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components are detectable by ESI-MS and for which time-
course information is desired over a time scale of seconds to
minutes. The strengths and weaknesses of the method are
critically examined, and technique tips and tricks are provided
to enable maximal effectiveness when employing this approach
to continuous monitoring of complex reaction mixtures.

lead to data convolution if the instrument is not equipped to
handle protic solvents.”

Mass Spectrometry (MS) offers a complementary data set to
NMR spectroscopy as it provides data on charged intermediates
that may be short-lived and/or generated at low concentrations.
Additionally, MS is capable of detecting radical intermediates
and paramagnetic metal complexes, an area where NMR
spectroscopy has weaknesses."%'?

HPLC is one of the most common ways of introducing
samples into the mass spectrometer as it separates analytes by
flowing through a column and allows for small volume
injections."® Syringe pumps may also be used as they are
compatible with a multitude of solvents and facilitate sample
introduction at a set flow rate (typically lower than HPLC flow
rates); however, in terms of reaction monitoring, temperature
and solution mixing are relatively uncontrollable.™ Mass
spectrometers may be connected to a microreactor; however,
each data point is collected in a separate experiment, and to
accommodate higher reaction times, longer tubing is used.">'
A pressurized sample injection bomb apparatus capable of
cleanup has been described with pneumatic control."” Flow
injection systems have also been developed to facilitate sample
delivery on a nLmin™" and pLmin™" scale enabling injection of
up to 1200 samples per day without carryover.'®

In terms of air- and moisture-free sample introduction,
some techniques have been described whereby a nitrogenous
atmosphere is either attached to the MS source, such as a glove
bag"**® and a small glove chamber.?” On a larger scale, a
glovebox can be modified to accommodate a feedthrough port
for tubing going directly into the MS source.?>* The need for a
simple, cheap, robust method of air- and moisture-free sample
introduction was obvious, hence the development of Pressur-
ized Sample Infusion (PSI).**

2. Description of the Method

First reported in 2010, Pressurized Sample Infusion (PSI) is a
sample introduction method providing on-line reaction mon-
itoring of reaction solutions.* It is essentially a positive
pressure cannula transfer™ of a reacting solution directly into
an electrospray ionization mass spectrometer (ESI-MS). It does
not require mechanical pumping, and infuses a raw reaction
mixture without further treatment. ESI-MS is a technique limited
to the analysis of species that carry a charge or are readily able
to acquire one (e.g., a molecule with a basic site that can
associate with a proton or an alkali metal ion) since it is capable
of detecting only ions pre-formed in solution. It is also best
suited to species present at very low concentration. With those
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two principal restrictions in mind, ESI-MS is especially well
suited to systems involving charged catalysts.* When a
charged catalyst is not an option, charged-tags are often used
to apply a charge to a species of interest, with the reactivity of
these charged-tags observed using PSI-ESI-MS.?"%"

In terms of concentration limitations, the level of response
yielded by ESI-MS is dictated by the nature of the analyte under
study. For anything that carries a permanent charge, concen-
trations should be kept to low millimolar and below. If that
species is also lipophilic and rigid (i.e., highly surface-active and
hence prone to be disproportionately found on the surface of
the sprayed droplets and overrepresented in the mass
spectrum),” that concentration should be micromolar or lower.
Species that are not charged can generally be run at higher
concentrations, but such species exhibit variability not just in
surface activity but also in extent of ionization.®'” Bases can
be readily protonated and acids deprotonated, giving good
response factors, but neutral molecules lacking any such sites
will generally be invisible to ESI-MS. The addition of a tee piece
connector can also be added to dilute the concentration of
solution injected;*'*? however, this may not represent reaction
pathways present at industrial level concentrations. At higher
concentration levels, flow/stopped-flow NMR spectroscopy may
be a more suitable technique.

ESI-MS solvents need to be reasonably polar in order to
enable the electrochemistry that creates the excess charge for
the ESI process.”™ Non-polar solvents are widely known as
incompatible with ESI-MS due to their low conductivity;
however, addition of a lipophilic ionic liquid (a supporting
electrolyte) can overcome this problem.” Aspects to take into
consideration if using an ionic liquid to facilitate ESI perform-
ance: (1) it must be unreactive towards any of the reaction
components, and (2) it should not overlap with any signals of
interest.
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The PSI approach works at temperatures up to the boiling
point of the solvent. Temperatures higher than the boiling
point will overpressurize the flask. PSI can operate at lower
temperatures than ambient; however, unless insulated tubing is
used, the utility of this is limited by the fact that the tubing and
ESI source will be at room and elevated temperature,
respectively, and so the reaction will be briefly exposed to these
raised temperatures. As such, temperatures below 0°C are not
recommended unless the reaction of interest is relatively slow.

PSl is conducted at slightly above ambient pressure, by 2—
5 psi (0.14-0.34 bar). More highly pressurized systems are not
recommended without use of a pressure vessel with the
appropriate safety features (and a narrower diameter tubing to
decrease the flow rate to something compatible with ESI-MS).
Regulated tanks of N, or Ar are commonly used to deliver the
positive pressure to the flask, though other options are
available. Using a balloon filled with gas, samples can be
prepared on a Schlenk line and then safely transferred to the
mass spectrometer for sample introduction.”” This method also
introduces more versatility to the PSI technique as any gas can
be used to fill the balloon. A single balloon supplies about 1 psi;
double-walled balloons can provide increased pressure if
required. In reactions where volatile side products are formed,
the pressure generated is insignificant relative to pressure
changes effected by increasing the temperature due to the
small scale of the reaction. Flow rate into the mass spectrom-
eter is primarily important in extreme cases; for example, low
flow rates can cause sputtering and erratic flow, and high flow
rates can lead to flooding of the source.

PSI-ESI-MS is most useful for providing temporal intensity
profiles for every charged component of the reaction.*” These
profiles correspond to reactant, product, pre-catalyst, catalyst
and reaction impurities, intermediates, decomposition products,
and resting states (Figure 1). Based on the behaviour of analytes
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Figure 1. Idealized temporal profiles for different reaction components over
the course of a reaction. These dynamics provide important clues as to
which reaction role a given species is most likely playing. Adapted with
permission from Ref. [45]. Copyright 2016, American Chemical Society.

over time, their role in the reaction can be defined. This sample
introduction method becomes even more powerful when
combined with computation, which can provide further struc-
tural information and bond dissociation energies."**”

The ability to acquire data on catalyst resting state and
overall reaction progress simultaneously is a significant advant-
age of the technique and can be improved further through
combination with orthogonal methods. Because MS is so
sensitive, it is generally best suited to analyze reaction
components at low concentration (e.g., species related to the
catalyst) while the orthogonal method takes care of overall
reaction progress by tracking the disappearance of reactant(s)
and/or appearance of product(s). Flow Infrared Spectroscopy
(IR) is an ideal candidate for this type of analysis (Figure 2).”

There is some dead time between the solution leaving the
flask and arriving in the mass spectrometer, in the order of 5-
20 s. Variables here include the viscosity of the solvent, the
inner diameter of the tubing, the length of the tubing and the
applied pressure. An estimate of flow rate can be established
using the Hagen-Poiselle equation.”®*? This dead time sets a
lower bound for establishing reaction rates to a t;, of 20s or

Chemistry—Methods 2022, 2, e202100068 (4 of 15)

more. The upper bound is set only by practical limitations such
as the volume of solvent available (solvent is consumed at
typical rates of 5-20 uLmin"), the booking of instrument time,
and the increased likelihood of clogging and instrumental
contamination from an extended analytical run. In practice,
optimal results are obtained by running experiments that last
5-30 min, and in order to work in this time frame, manipulation
of reaction rate is recommended (most routinely by increasing
temperature or catalyst loading).

The PSI-ESI-MS methodology can be combined with any
type of mass analyzer. When using a quadrupole time-of-flight
(Q-TOF) spectrometer, precision to four decimal places is
obtained, yielding accurate mass identification of
analytes."**¥ Triple quadrupole instruments provide a lower
level of resolution; however, analyte identification can be
confirmed through collision-induced dissociation whereby frag-
ments are created from collisions with gas molecules. The
resulting fragments can be used to create Multiple Reaction
Monitoring (MRM) transitions effectively eliminating isobaric
species, and analytes of interest can be observed in real time
when coupled with PSL.P¥ We demonstrated this method by
monitoring the Buchwald-Hartwig amination reaction, where a
charged ligand was used to track the catalytically relevant
species of the reaction over time (Figure 3). Each component
was added to the reaction flask sequentially to fully visualize
each step in the catalytic cycle.

Cooks and coworkers have developed a pressurized system
equipped with a specialized multi-sprayer source for sample
delivery to a miniature mass spectrometer, which facilitates
simultaneous reaction monitoring of several samples® A
stepper motor is used to rapidly switch between multiple spray
emitters, with which they showed that cross contamination and
interference was not an issue. Employing this system to monitor
multiple hydrazone formation reactions yielded 6 h worth of
data in just 2h; however, more complex infrastructure is
required to implement this system.

In-line derivatization can improve ionization of reaction
components, and has been examined using PSL®” In this
system, the reaction mixture was contained in one pressurized
flask connected to a mixing tee piece. A second pressurized
flask containing derivatization agent was connected to the
other side of the tee piece, with the third inlet of the tee piece
connected to the mass spectrometer. The reagents are allowed
to interact in the mixing tee and immediate derivatization takes
place. In this case, the derivatization procedure must be
straight-forward without an incubation period. Additionally, the
flow rate from each flask into the tee piece must be
approximately equal to ensure proper mixing and flow into the
mass spectrometer.

2.1. Detailed Experimental Setup

A Schlenk flask is placed close to the ESI source and is equipped
with a rubber septum over the ground glass joint and a rubber
hose on the arm. The rubber hose is connected to a regulated

cylinder of N, or other inert gas. The rubber septum is

© 2021 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Combination of continuous monitoring methods to obtain IR and MS data for a hydroacylation reaction. From the same flask, tubing circulates the
reaction solution through a flow FTIR spectrometer (top), and PEEK tubing exits into the mass spectrometer (bottom). Adapted with permission from Ref. [45].

Copyright 2016, American Chemical Society.
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Figure 3. Catalytic cycle (left) and reaction monitoring trace (right) of a Buchwald-Hartwig amination reaction using MRM transitions. Dotted lines indicate
sequential addition of reaction components. Reproduced with permission from Ref. [54]. Copyright 2019, Royal Society of Chemistry.

punctured with PEEK tubing extending into the reaction
mixture, and the other end of the tubing is attached to the ESI
source with a PEEK fitting (finger tight). If the septum is tough
to puncture with the PEEK tubing, first puncture the septum
using a needle approximately the same width as the outer

Chemistry—Methods 2022, 2, e202100068 (5 of 15)

diameter of the tubing. After removing the needle, the PEEK
tubing will fit through the hole in the septum. For heated
reactions, a two-neck flask may be equipped with a condenser,
or a specialized PSI flask with a built-in condenser may be used
(Figure 4).°® A stir bar may be placed into the flask with

© 2021 The Authors. Published by Wiley-VCH GmbH
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Figure 4. PSI flask equipped with condenser, adapted with permission from
Ref. [56]. Copyright 2019, Elsevier.

reactants to ensure homogenous mixing. If reagents are not
added to the flask inside a glovebox or on a Schlenk line, they
are added through the rubber septum using a syringe. Beware:
the positive pressure in the flask will force the syringe plunger
away from the flask; this is prevented by holding a finger over
the plunger while the needle is inside the flask. It is strongly
recommended that the charged component of the reaction is
added to the flask first, and the reaction initiated by adding
neutral reactants. This precaution allows for optimization of ESI-
MS conditions (spray quality, ion current) before the reaction is
underway. See the Supporting Information for a video on how
to set up a PSI experiment.

The reaction solution must flow through fittings with small
internal diameters, so even though the PSI setup is simple, it is
nonetheless vulnerable to plumbing issues. The inner diameter
of the tubing, union and stainless-steel capillary are extremely
small and can be easily blocked, especially if the reaction
mixture is heterogeneous. If a blockage is present, a distinct
spray pattern will present itself. The instrument will abruptly
sense little to no ions, and then all of a sudden resume normal
activity. This spray pattern may happen frequently or periodi-
cally depending on the severity of the blockage. When this
occurs, simply disconnect the adapters and clean them before
resuming the experiment as the data output will be inaccurate
while a blockage is present. In severe cases where this mode of
action does not rectify the issue, the capillary should be
removed and sonicated in appropriate solvents. Blockages can
be prevented by regular thorough cleaning/rinsing of these
parts, use of filter material, and/or by using a homogeneous
solution. Alternative methods of analyzing heterogeneous
reaction mixtures have also recently been developed by Hein
and coworkers.®”

As in a cannula transfer, solutions may be filtered by
securing filter material on the end of the tubing in the reaction
flask. In such cases, the end of the capillary can be protected
with (a suitably cut) filter paper, cotton wool, glass wool, or any

Chemistry—Methods 2022, 2, e202100068 (6 of 15)

other filter material, and secured by use of Teflon tape. An
example is illustrated in Figure 5. Here, standard filter papers
(Watman, 55 @) are used with standard-density PTFE sealant
tape to secure the filter paper to PEEK tubing as it does not
interfere with the spectrum. The general steps for attaching the
filters are shown, with the filter paper first cut into a T shape
(Figure 5.2-3) and fit over the capillary opening. The stem of
the paper is then folded over the capillary opening, with each
arm then wrapping around the stem and capillary tube
(Figure 5.4-6). A strip of PTFE tape is then used to secure the
filter and seal the capillary tubing, which can be inserted into
the reaction flask (Figure 5.7-9). It is important to avoid
compromising flow rate or retention time, so using a minimal
amount of filter material is desirable.

The effects of filtration on the PSI flow rate were tested,
with the results illustrated in Figure 6. A PSI flask was set up as
described in Figure 4; however, the end of the tubing that
would be attached to the ESI source inlet was instead
suspended above a flask that was placed on an analytical
balance. The mass of solution flowing from the PEEK tubing
was measured as a function of time, providing the PSI flow rate.
A control trial with a homogeneous solution (THF) and no
filtration (green) resulted in a consistent flow rate. In contrast,
for a fine suspension (purple) (K;PO, in THF), the flow rate is
seen to drastically drop after a minute of monitoring, indicating
presence of a blockage. By attaching the filter described in
Figure 5, clogging is effectively prevented.

Positioning of the tubing in the stirred solution can also
have an effect on clogging issues, so placing it away from and
above any circulating solid material is advised. For example, if
the solid material is floating near the top of the reaction
solution, place the PEEK tubing at the bottom of the flask.
Decomposition of reaction components can often lead to the
generation of precipitated material, and this problem can be
consequential in terms of creating blockages. Reactions that
produce solids, gels or polymeric material should be similarly
approached with caution.

2.2. Interpretation of Time-Course Data

The resulting mass spectrum produced by PSI-ESI-MS is a
reflection of how the ionic components of the reaction mixture
change over time. The total ion chromatogram (TIC) is a sum of
the abundance of all ions detected by the instrument over time.
Extracted ion chromatograms (XIC) of each analyte displaying
the abundance of a single ion over time can also be produced.
The TIC always contains a certain amount of noise, as does the
intensity versus time traces of individual ions, but the ratio
between various ions is much more consistent than the
absolute intensity. As such, each point in the chromatogram
can be normalized to report the relative abundance of relevant
reaction species (Figure 7). This is done by dividing the XIC
intensity by the TIC intensity, and multiplying this quotient by
100 to obtain a percentage. These experiments are data dense
in that each point in a chromatogram corresponds to its own
mass spectrum. Scan times usually run on the order of

© 2021 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Preparation of paper filter for PSI PEEK tubing.
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Figure 6. Mass of solution (mg) vs. time (min), illustrating the effect of attaching a filter to PEEK tubing in a heterogeneous reaction solution.

milliseconds, thus several spectra are being produced each
second. After normalization, the calculated relative abundance
of all species of interest can be plotted versus time. Spectra can
be improved further by normalizing to the sum of all of the
species of interest (thereby ignoring contributions from noise

Chemistry—Methods 2022, 2, 202100068 (7 of 15)

and background ions). A variety of software is available to
facilitate this process, including but not limited to PythoMS,*®
Origin, and Microsoft Excel.

Note the improvement in data quality upon normalization.
This particular reaction is prone to decomposition of the excess

© 2021 The Authors. Published by Wiley-VCH GmbH
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Figure 7. PSI-ESI-MS data depicting the effects of normalization. a) Extracted
ion count vs. time data for a reaction between an alkyne and Co,(CO);

b) Normalization of the data shown in (a); ¢) Total ion current (TIC) for the
same reaction.

reagent Co,(CO); which produces the much less soluble
Co,(CO),, upon heating. It is this insoluble by-product that

[NEt]*  [NBug'

Review Europe
Chemistry—Methods doi.org/10.1002/cmtd.202100068 Societes publiahing
1le9 causes the glitching in the TIC and the apparent decay in ion
1.50 A _ (a) count. There are other reasons why the TIC may not be flat,
1.25 4 TN T YN including charge neutralization, generation of new charged
i species, or large changes in response factor of product
2 compared to reactant. Checking the other ion mode is advisable
g 0751 in cases when the TIC shows strange behavior, because clues to
0.50 ~ the origin of that behavior can often be found there.
0.25
0.00
1ol 2.2.1. Normalization Precautions
2 0.8 (®) Normalization obviously has a profound positive effect on the
§ quality of the traces, but it is important to avoid applying it
é 5o without consideration of the differential response factors of the
o 0 ions of interest. ESI-MS does not exhibit one-to-one correspond-
% ence between peak intensity and concentration of a particular
£021 solution component, unlike NMR spectroscopy whereby the
0.0 intensity of the peaks corresponds to the number of nuclei
169 represented in each peak. The extent of ionization of a
particular molecule is the most obvious contributor, but even in
6 ©) cases where two completely dissociated ions are compared, the
& surface activity of the ions can be markedly different. lons
g which are strongly solvated will disproportionately occupy sites
= 4
2 in the interior of the charged droplets produced during the
g ] electrospray ionization process, while larger hydrophobic ions
preferentially migrate to the air-solvent interface on the surface
" of the droplets. As the droplet shrinks, charge density increases
i z 7 5 z I 3 on the surface until the point that repulsion between like

charges is sufficient to evaporate ions into the gas phase. A
demonstration of this effect is seen in the comparison between
Cs™ (m/z 133) and a mixture of tetraalkylammonium ions,
including [NEt,]™ (m/z 130), wherein an ESI mass spectrum of a
1:1 mixture of the two will be overwhelmingly dominated by
the quaternary ammonium ions (which themselves have differ-
ent response factors) (Figure 8).5%

In cases where the reactants and products are isolable, their
relative response factors can be measured easily, and the data

m/z m/z
130 242 [N(PPhs),]*
100 - m/z
538
80
2 [NDo;Me]*
§ 60 1 m/z
E 536 \
£ 40 [Cs]* [NDo,]*
% m/z m/z
i 132 690
20 /
0
miz

Figure 8. Positive ion ESI mass spectrum of an equimolar mixture of six cations [NEt,] " (m/z 130), [Cs]™ (m/z 132), [NBu,]* (m/z 242), [N(PPh.),]* (m/z 538),
[NDosMe] " (m/z 536), and [NDo,]* (m/z 690), with CI~ counterion in acetonitrile (Do =dodecyl). Adapted with permission from Ref. [30]. Copyright 2019,

American Society for Mass Spectrometry.
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accordingly corrected. For example, if the product has a
response factor 2/3 of the reactant, the intensity of that ion
should be multiplied by 3/2 for the entire trace. This sort of
data treatment is analogous to what is done in UV-Vis
spectroscopy, for example, where the extinction coefficient of
different analytes can be very different. Not applying such
corrections will have distorting effects on the traces, can affect
the linearity of the plots used to determine rate constants and/
or affect the values of those rate constants, and in extreme
cases can lead to wrong-headed interpretations of the
chemistry. These distortions are best illustrated by use of
figures, and we have plotted in Figure 9 the effect of different

9.12 product response 0" order TIC
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Figure 9. Normalized data for zeroth, first and second order reactions where
product to starting material response factor is 9.12:1, 1:1 and 0.22:1,
respectively. More data available in the Supporting Information.
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response factors on plots for 0", 1 and 2™ order chemical
reactions. The Supporting Information contains animations of
the noisy total ion current (TIC, top right), the linear plot
establishing the rate constant (middle right, not included for
zero order as the main graph performs that task), the noisy raw
data (bottom right), and the normalized data (main plot, left),
where the response factor of the product ranges from 0.1x to
10x that of the reactant. The snapshots in Figure 9 were chosen
to show how normalizing the data from zeroth, first and second
order reactions can all look similar if the response factors are
not taken into account.

Note that while the raw data is noisy, it contains a lot of
information about the relative response factors itself. Assuming
a 100% conversion of A (reactant) to B (product), the relative
proportions at the crossing point are the same as the response
factor ratio, as is the relative ratio of A at the starting point to B
at the completion of the reaction. However, this sort of perfectly
clean reaction is far from the norm, and so direct measurements
of relative response factors are advised where accurate rate
constants are required.

We have also provided in the Supporting Information a
spreadsheet that allows visualization of the effect of normal-
ization for any response factor for the three different orders of
reaction, and animations showing the various possibilities.
Some distortions are predictable, but others less so, such as the
fact that, for a second order reaction, any plot of 1/[x] versus
time generates a straight line after normalization, regardless of
the response factor.

One encouraging observation is that, provided response
factors are reasonably close to one another (and related ions
often are), the amount of error is fairly small. It is often the case
that relative response factors are NOT directly measurable
because the species of interest is short-lived (e.g. a reactive
intermediate, a product of limited stability, a resting state stable
only in the presence of substrate and/or product, etc.). If we are
looking at a set of similar ions, for example cationic complexes
with a common ancillary ligand set, the surface activity of that
set of ions is likely to be close to each other, and the
approximation that these species share the same response
factor is a reasonable one. This approximation is particularly
good when the TIC remains fairly constant over the course of a
reaction, since such an observation suggests good mass
balance. A TIC that grows or decays in a way related to the
overall progress of the reaction is a sign that the mass balance
is poor. Note that, however, there are other reasons why the TIC
may vary during a PSI experiment - for example accumulation
of debris in the tubing can cause slow choking of the flow rate
and hence ion count, (as previously mentioned). As is the case
with any experiment, replicates greatly increase confidence in
results.

2.2.2. Saturation
The sensitivity of ESI-MS can be a double-edged sword: it is
fantastic for measuring low abundance species, but it is poorly

suited to handle high or even moderate concentrations of

© 2021 The Authors. Published by Wiley-VCH GmbH
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molecules that easily ionize (or permanently charged ions).
Saturation distorts spectra by reducing the apparent intensity
of the most abundant ions, and there are a number of clues
that saturation is occurring. Individual peak shapes are often
distorted (square-topped peaks, broad peaks) and isotope
patterns often provide poor matches to calculated patterns. The
fact that saturation affects peaks of different intensities in
different ways offers a quick check of whether saturation is
occurring or not: simply generate a time course profile for one
of the smaller peaks in the isotope pattern, and see if it changes
shape (it will inevitably have a lower signal-to-noise ratio)."
Figure 10 depicts a reaction profile whereby the reagent
saturates the spectrum. It is clear that the M and M+ 1 traces
differ from one another, and the M+2 is similar to the M+ 1
trace, though, predictably, it has a lower signal-to-noise ratio.

In terms of mitigating saturation, it is not always as easy as
“make the solution more dilute”. This precaution can slow the
reaction down to the point where it is no longer examinable on
a desirable time scale or, even more problematically, increased
decomposition takes place at low concentration. There are also
often limits to how much the reaction can be accelerated in
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Figure 10. Representative saturation PSI-ESI-MS traces for (a) M, (b) M+1
and (c) M+ 2. The red trace is the reagent, and the blue trace is one of the
products. Adapted with permission from Ref. [60]. Copyright 2020, Elsevier.

Chemistry—Methods 2022, 2, e202100068 (10 of 15)

compensation for lower concentration by heating and/or
increasing catalyst loading. ESI-MS is sufficiently sensitive that it
is relatively easy to detect analytes at concentration levels
similar to the amount of residual oxygen and moisture present
in even carefully dried solvent (&5 ppm). Expecting good
results when reactive contaminants are present at stoichiomet-
ric levels is not realistic, so high concentrations are often
employed simply to reduce the proportion of decomposition
observed. As such, saturation is a problem often encountered
by the chemist working on air- and moisture-sensitive materials.
Detuning instrument sensitivity by a variety of different
methods (reducing capillary voltage to lower the amount of
excess charge created, increasing the flow of cone gas to blow
away ions from entering the mass spectrometer, increasing
capillary to cone distance, damping the detector sensitivity)
may be necessary.® This sort of trade-off (avoiding saturation
vs. decomposition) has to be done carefully while checking that
the relative response to different ions is not significantly
perturbed 206"

3. Applications
3.1. Applications in Organic Reaction Monitoring

A [3+ 2] cycloaddition/oxidation/aromatization reaction respon-
sible for synthesis of bioactive pyrrolo[2,1-aJisoquinolines and
indolizino[8,7-blindoles was studied continuously for 6 h using
the PSI-ESI-MS method to elucidate the mechanistic intermedi-
ates in the reaction where a green catalytic system (tetrabuty-
lammonium iodide (TBAI)/tert-butyl hydroperoxide (TBHP)) was
used in the reaction.®” In this case, a charged-tag was not
needed as the zwitterionic intermediates were in equilibrium
with their protonated form. The intermediates of the environ-
mentally friendly reaction were successfully monitored and
characterized using PSI-ESI-MS/MS.

A Ritter-type reaction involving menthol, CuBr,, Zn(OTf),,
Selectfluor®, and acetonitrile resulting in C—H amination of
secondary and tertiary C—H bonds was reported in 2012 by
Baran et al.”® and studied in real-time by Zare et al. in 2018.%¥
The PSI-ESI-MS technique facilitated the proposal of a more
thorough mechanism by observation of several reaction
intermediates, and exposed two mechanistic pathways whereby
one pathway occurs in bulk solution and the other pathway
occurs in microdroplets. The microdroplets created in ESI-MS
allow for H* to accumulate on the surface of the droplet,
thereby promoting acid-catalyzed reactions despite the absence
of acid, and such conditions are required to create the
intermediate observed in the microdroplet mechanism. (Fig-
ure 11).

Vicent and Gusev’s 2016 study of acceptorless dehydrogen-
ative coupling (ADC) of alcohols sings praise for the PSI
technique stating that “[PSI] has proved to be ideal for in situ
analysis of complex mixtures formed during catalysis”.® Their
research highlighted several intermediates in the reaction, and
used CID to facilitate structure elucidation in combination with
isotope patterns.

© 2021 The Authors. Published by Wiley-VCH GmbH
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Figure 11. PSI-ESI-MS monitoring of a C—H amination reaction using CuBr,,
Zn(0OTf),, and Selectfluor in acetonitrile. a) Starting material; b) Cationic
intermediate; c) Product; d) Reduced Selectfluor® by-product. Adapted with
permission from Ref. [64]. Copyright 2018, American Chemical Society.

3.2. Applications in Catalysis

Mechanistic analysis has long been of significant interest in the
community, and PSI-ESI-MS has been an extremely useful tool
in uncovering reaction intermediates”’**7 as well as kinetic
profiles.”"7* Several examples are described here.

Mack et al. discovered the degradation mechanism of their
[(dtbpy),Ru(COs)] (dtbpy=4,4'-di-tert-butyl-2,2"-bipyridine) pre-
catalyst using PSI-ESI-MS.” It was discovered that the catalyst
activity can be inhibited by dimerization and ligand dissocia-
tion. Upon further PSI-ESI-MS probing, it was determined that
catalyst dimerization only played a minor role in inhibition, and
that ligand dissociation was mostly responsible for limiting

Chemistry—Methods 2022, 2, e202100068 (11 of 15)

turnover. The authors were also able to elucidate the mecha-
nism of this ligand dissociation process.

Mclndoe and coworkers investigated the Suzuki-Miyaura
reaction in positive and negative ion mode using charge-tags
to ensure observation of each intermediate.” Their results
indicate that at least two mechanisms are at work in the
reaction. Further mechanistic work was done by the same
group on the Pauson-Khand reaction involving the Co,(CO)g
catalyst as well as a charged alkene to track the progress of
both intermolecular and intramolecular reactions.” The rate-
determining step in the reaction was revealed to be CO
dissociation, and it was concluded that the nature of the alkene
does not play a role in catalyst coordination.

The Newman group’s investigation of chemoselectivity in
the Kumada-Corriu cross-coupling reaction employed PSI-ESI-
MS to determine the mechanism of the reaction during slow
addition of PhMgBr (Figure 12)."” The catalytic cycle consists of
oxidative addition, transmetalation of PhMgBr, and reductive
elimination. If the Grignard reagent is added faster than the
oxidative addition product (ArPdCl) is formed, the reactive
PhMgBr will quench the excess aryl halide and create side
products. During real-time analysis, the concentration of side
products was significantly decreased when the Grignard
reagent was added slowly over the course of 1 h, versus a faster
5 min addition. It was concluded that the oxidative addition
product must be present to prevent the PhMgBr from reacting
with another species, and as a result the yield of desired
product was increased.

A mechanistic examination of the copper-mediated con-
version of arylboronate esters into aryl fluorides was conducted
by Hartwig and co-workers.”® In this case, PSI-ESI-MS facilitated
identification of a copper(lll) fluoride product in solution as it
was not isolatable.

An eco-friendly catalyst system of tetrabutylammonium
iodide/tert-butyl hydroperoxide was explored in forming
pyrrolo[2,1-alisoquinolines and indolizino[8,7-blindoles, both
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¥ mw,h,!'n#
J U 4
> 0% [5b + H'] Nt
® CygHygN® y
c . "‘PWJ
] " A
£ 8% Exact Mass: 253.13*@#‘ ﬂq Ju'fW‘M‘*W“NMWW
- ‘,,.f-‘r"ﬁ'f"’"" 1 v
@ | NH;
= 6% (.uf” J e 2 N
: f GRS
lza “,,N" I T e cl \\vl | &
% /,l‘“ AT [5a + H']
[ NCTTX .
4 f,f [3-CI Cy3H44CIN
2% f’ ;'. Ca3H44NO,PPd* Exact Mass: 216.06
L :“’-,%;w._ _‘__Exact Mass: 618.17
1] 2 4 6 8 10 12 14 16
time (min)

Figure 12. Real-time PSI-ESI-MS analysis of the Kumada-Corriu cross-coupling
between PhMgBr and chlorobenzonitrile with fast addition of PhMgBr.
Adapted with permission from Ref. [78]. Copyright 2016, American Chemical
Society.
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products holding pharmaceutical significance.® The intermedi-

ates involved in the [3+2] cycloaddition/oxidation/aromatiza-
tion cascade reaction were identified for the first time using the
PSI-ESI-MS technique. The identity of key intermediates was
confirmed using ESI-MS/MS.

Alcohol oxidation, oxygen activation, and H,0, disproportio-
nation reactions were examined in real time using PSI by
Waymouth and coworkers (Figure 13)."? Combined with iso-
tope-labeling and kinetic studies, key reaction intermediates
were identified in reaction mechanisms occurring simultane-
ously — some multinuclear! The study opened up new avenues
for exploration of oxygenation chemistry with palladium.

A look into palladium/diene-catalyzed coupling of alkyl
halides and Grignard reagents revealed that anionic Pd
complexes are formed, and the mononuclear species are short-
lived — mainly favouring formation of small Pd nanoclusters.®”
The real-time MS analysis afforded direct aggregation state
information as well. Additionally, the study discovered that the
transmetalation step in these reactions actually precedes the
oxidative addition step in the catalytic cycle.

PSI-ESI-MS has also proven useful for Belli et al. in compar-
ing the affinity of select secondary and tertiary phosphines for
cationic ruthenium centers®™ Competitive substitution reac-
tions were analyzed in real time to assess the relative binding
strength and measure the relative kinetics. A dissociative
mechanism for substitution of NCPh with secondary phosphines
on [Ru(m*indenyl)(NCPh)(PPh,),]* was revealed, as well as
reaction kinetics. When comparing steric and electronic effects,
the authors discovered that steric hinderance of the secondary
phosphine plays a prominent role. In contrast, tertiary phos-
phines were found to produce multiple products as the
Ru—PPh; bonds are weakened upon substitution of NCPh with
P("Bu);. Ramping the collision energy revealed the relative
binding strength of three ligands: PEt,H > PPh,H~ PPh;. These
experiments were conducted in tandem with *'P{'"H} NMR
spectroscopic studies which corroborated the ESI-MS results
(Figure 14). These data also nicely illustrate the difference in
typical concentration range between the two techniques,®®!
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Figure 14. (a) Competitive reactions of [Ru(i’-indenyl)(NCPh)(PPh,),] * with a
10:10 mixture of PPh,H/PEt,H at 45 °C in fluorobenzene, as monitored by
PSI-ESI-MS. Circles are normalized experimental data; lines are simulated
using parameter estimation with COPASI. (b) 145.85 MHz *'P{'"H} NMR data
for the same experiment in 2:1 CH,Cl,/C,D, at RT. Adapted with permission
from Ref. [82]. Copyright 2019, American Chemical Society.

with the NMR spectroscopy studies being conducted at three
million times higher concentration than the ESI-MS in this case.
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Figure 13. Left: PSI-ESI-MS monitoring of an H,0, disproportionation reaction with [(LPd(OAc)],(OTf), (L=2,9-dimethyl-1,10-phenanthroline). Right: proposed
structures of speciation. Adapted with permission from Ref. [80]. Copyright 2015, American Chemical Society.

Chemistry—Methods 2022, 2, e202100068 (12 of 15)

© 2021 The Authors. Published by Wiley-VCH GmbH

85UB017 SUOWIWOD BAITeaID 9 |gedljdde au Aq peusenob ae sejoilie YO ‘8sn JO S9N 1o} Arelg 1 8UIUO AS|I/ UO (SUONIPUOD-PUE-SWLB)/0D" A8 (1 AR g1 Ul Uo//:SANy) SUONIPUOD pue SLue | 8y} 8es *[20z/0T/c0] Uo Al auljuo Ae|im ‘5oL Ad 890001202 PIWO/Z00T OT/I0p/wod Ao | 1M Arelq 1 jpuljuo-adoins-Ansiwueyoy/sdny wolj pepeojumod ‘T ‘ZZfg 'S2.68292



Chemistry
Europe

European Chemical
Societies Publishing

Review

Chemistry—Methods doi.org/10.1002/cmtd.202100068

The capabilities of PSI-ESI-MS can shed light on ‘simple’
reaction systems as well. For example, titanocene has been
used as an indicator of oxidation and the presence of O.. In
what was previously known as a straightforward reaction,
Cp,Ti"X, was reduced to Ti" followed by oxidation back to
Ti". In acetonitrile, the oxidized species, [Cp,Ti(NCMe),]*", is
yellow in colour. Real-time analysis has revealed that the
oxidation is not as simple as it seems. In fact, a variety of
oxygen-containing products were generated, and [Cp,Ti-
(NCMe),]*" was found to be quite reactive toward protic
solvents.®™ When the reaction was tested in the presence of
water, it was found that the oxidation proceeded slowly and
required a significant amount of water, making this system
non-ideal for detection of trace amounts of water in reactions
and gloveboxes alike.

The PSI technique is also capable of handling extremely air-
and moisture-sensitive systems such as olefin polymerization
catalysts (Figure 15).%% The reaction shown is that between
[Cp,ZrMe,AlMe,][B(C4Fs),] and (a) 100 and (b) 1000 equivalents
of hexene, a reaction that results in polymerization of the
hexene and a range of decomposition pathways for the catalyst
precursor. Note the ability of the technique to provide reaction
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Figure 15. Normalized ion intensities vs. time for addition of (top) 10 equiv-
alents, and (bottom) 1000 equivalents of hexene to [Cp,ZrMe,AlMe,][B(C¢Fs),]
in difluorobenzene solution with [Zr] =0.28 mm; R="Bu. Adapted with
permission from Ref. [86]. Copyright 2020, American Chemical Society.
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rates and identification of the various catalyst deactivation
products.

4. Summary and Outlook

PSI-ESI-MS has strong capabilities in reaction monitoring and
observation of reaction intermediates under air- and moisture-
free conditions. The method has been described as a “break-
through strategy” in terms of online acquisition of high-quality
data.” The low pressure system, driving the solution through a
small diameter capillary, can lead to obstruction of the flow
path, a phenomenon less prominent in high pressure systems.
This issue can be problematic at times due to the influence on
the resulting kinetic profile, especially in heterogeneous
systems which are more prone to clogging and require dynamic
mixing systems. PSI-ESI-MS is also not compatible with concen-
trations at the process level, so innovating a way of doing so is
an important next step for this technique. Despite these
challenges, the speed, ability to cope with complex mixtures,
and extremely high sensitivity of mass spectrometry is superior
to several other analytical techniques, and a robust sample
delivery system is a critical tool to build and extend its
applications.

Supporting Information

A flow rate calculator, video illustration of the PSI-ESI-MS set-up,
and animations illustrating the effect of normalization on kinetic
traces depending on relative response factors are contained in
the Supporting Information of this article.
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