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Introduction

As a valuable tool for weighing ions, mass spectrometry has
important and wide applications in scientific research.' The
excellent soft ionization mode of electrospray ionization and
subsequent tandem mass spectrometry(ESI-MS/MS) make it an
ideal method for reaction mechanism studies by monitoring
reactants and products, as well as investigating reactive inter-
mediates at low concentration levels and the related reactive
species involved in the reaction.> Modern electrospray mass
spectrometry, with characteristics of sensitivity, speed, speci-
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trometry (ESI-MS) analysis; therefore, some reaction solutions in non-ESI friendly solvents cannot be
directly studied using ESI-MS. This mini account discusses some of our recent contributions in solving the
challenging problems in the characterization of reactive intermediates in reaction solutions in non-ESI
friendly solvents by using ESI-based mass spectrometry.

ficity and stoichiometry, provides more insightful information
for exploring and understanding the mechanism of chemical
reactions. The key issues of reaction mechanism studies by
mass spectrometry are the interception, identification and
characterization of the reactive intermediates. Such a task is
always a big challenge because the highly reactive species nor-
mally have short life-times; their concentrations are typically
low, and sometimes they are not stable and could easily trans-
form into the resting states and the decomposed complexes.
Screening and selection of a suitable solvent is not only
important for optimization of the reaction conditions to get
high yields and good selectivity, but is also critical for the suc-
cessful characterization of the reactive intermediates by soft-
ionization mass spectrometry. For organic reactions, the
change of solvent could have a big influence on the reaction
process and might even change the reaction pathways. Mean-
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while, for ESI-MS analysis, both the ionic species formation
step and the following step of transferring the ionic species to
the gas phase environment are seriously dependent on the pro-
perties of the solvent. How to make the reaction solution more
compatible with the following ESI-MS analysis should be taken
into consideration. The solvent applied for the ESI-MS analysis
has significant influence on the aggregation effect of ions, the
solubility and the ionization efficiency of the target species in
the ionization process.> Some other factors, such as intermedi-
ate stability, reaction time scale and ESI-MS detection sensi-
tivity in different solvent systems should also be considered
and tested. Therefore, scientists like to use the word “fishing”
to describe how to intercept and study the intermediates in
the reaction solution by using ESI-MS. Undoubtedly, the sol-
vents used in chemical reactions and ESI-MS studies play
important roles in sustaining the “fish” (the reactive inter-
mediate) and catching the “fish”.*

Nowadays, ESI-MS analysis methods based on on-line rapid
mixing and fast droplet contact provide more options for the
flexible application of assistant solvents for transient reactive
species detection in ESI-MS analysis. We are increasingly aware
of the importance of solvent assistance strategies in reaction
mechanism studies by using ESI-based mass spectrometry.
Here, we briefly summarize the solvent assistance methods
applied in our mechanistic studies by ESI-MS: from the tra-
ditional snapshot ESI-MS monitoring by interval sampling, to
ESI-MS methods coupled with a micro-reactor device and
finally up-to-date ESI-based ambient ionization methods, such
as the solvent-assisted electrospray ionization (SAESI, Fig. 1)
method developed recently by our group. In such an ionization
method, the sample solution in “non-ESI-friendly” solvents is
well ionized with an assistant polar solvent with two separated
sprayers meeting at the spray end tip (Fig. 1).> We hope this
short account could help scientists in designing their
“fishing” methods for reaction mechanism studies by applying
ESI-based mass spectrometry methods.
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Fig. 1 (a) Photographic image of solvent-assisted electrospray ioniza-
tion (SAESI) apparatus. (b) Schematic representation of the SAESI-MS
method.

Results and discussion
Snapshot monitoring by interval ESI-MS analysis

When the solvent of a homogeneous organic reaction is “ESI-
friendly” and suitable for ESI-MS analysis, and the reaction
time scale is compatible for monitoring the reaction solution
by interval sampling, the reaction solution can be directly
diluted, injected and studied using ESI-MS or ESI-MS/MS. As a
pioneer, Canary studied the catalytic intermediates in the
Suzuki-reaction by electrospray mass spectrometry.® By snap-
shot monitoring of the diluted reaction solution, we have used
ESI-MS/MS to intercept and characterize the reactive organo-
metallic intermediates in the Pd-catalyzed addition reaction of
organoboronic acids to allenes in the presence of AcOH’ and
the Pd(0)-catalyzed three-component tandem double addition—
cyclization.® In a later study, the mechanism was confirmed to
involve carbopalladation with 2-(2,3-allenyl)malonate, yielding
the m-allyl-Pd-intermediate.® Furthermore, the reaction mecha-
nisms of Pd-catalyzed cycloisomerization of trifluoromethyl-
substituted enynols and the selenohydroxylation reaction of
1,2-allenyl phosphine oxides with PhSeCl were also studied
using the ESI-MS/MS method.’ Recently, ESI-MS methods have
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been successfully applied in our studies of the Pd(u)-Pd(wv)
catalytic cycle in related reactions.'® Xu studied the Pd-cata-
lyzed acetoxylation and methoxylation of carbon-hydrogen
bonds with PhI(OAc), as an oxidant and the reaction mecha-
nisms were proposed to be Pd(u)-Pd(v) or Pd(u)-Pd(ur) redox
cycles depending on the sigma-donor ligand and the solvent
polarity."* Besides the metal-catalyzed reactions, we also used
ESI-MS/MS methods to monitor the diluted homogeneous
reaction solutions of Selectfluor with triphenylethylene."® The
transient radical cationic intermediates can be successfully
intercepted and studied by ESI-MS.

Studying transient species only existing in solution

For some reactive species generated in situ, such as hyper-
valent iodine complexes, which are hard to separate and
crystallize, ESI-MS/MS is a valuable tool to explore their possi-
ble structures and study their intrinsic reactivity. Recently, we
studied the reactive transient o-A*-iodanyl-acetophenone
complex in the o-acetoxylation reaction of acetophenone,
A*-phenyl(trifluoromethyl)iodonium and  A*-2,5-xylylfluoro-
iodonium using ESI-MS/MS."? Because the difluoroiodoarene
compounds (Aryl-IF,) are very hygroscopic and extremely
water-sensitive, the anhydrous bromobenzene was found to be
a better solvent than acetonitrile for such ESI-MS analysis,
showing less signals of hydrolyzed products. We also found
that the benzene and toluene solutions could not give a stable
spray and good signals in ESI-MS due to their low dielectric
constants. Anhydrous bromobenzene and fluorobenzene are
good substitute solvents in studying air/water-sensitive reac-
tions, and their reaction solutions could give more stable
signals in ESI-MS analysis.

If the addition of extra assistant solvent has no significant
influence on the reaction or does not cause the decomposition
of intermediates, mixing the reaction solution in non-ESI-
friendly solvent with a suitable diluting ESI-friendly solvent
would give better ESI-MS analysis results. By diluting the
toluene reaction solution with acetonitrile directly, the reaction
mechanism of the Pd-diene-catalyzed asymmetric Suzuki-
Miyaura reaction was studied.* The key Pd-intermediates with
the diene ligand corresponding to each catalytic step were cap-
tured and characterized by ESI-MS/MS. In the gas phase, the
Cs adduct ions of the Pd-diene-intermediates in the trans-
metalation step could transform into product, induced by col-
lision in the MS/MS, which was consistent with the product-
yielding process and supported their catalytic activity.

ESI-based micro-reactor method

The snapshot monitoring method would no longer meet the
requirements for the interception and characterization of
short-lived and highly reactive intermediates in certain fast
reactions and at the beginning stage of the reaction. By mixing
two different reactant solutions in the mixing tee coupled
directly to the ESI-MS ion source, the micro-reactor device
allows the investigation of the reaction in a reaction time
window of approximately 1-30 seconds by using a common
injection speed.'® Such a device is an ideal method for online
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mixing and diluting of reaction solutions with the same or
different solvents. In situ exchange of neutral PCy; by phos-
phine with a cationic tag in such a device allowed the direct
characterization of the active 14-electron Ru-intermediates in
the fast Ru-carbene catalyzed metathesis reaction solution in
dichlormethane."® ESI-MS combined with a micro-reactor or
similar device provides a more detailed picture for the
mechanistic studies at the beginning stage of a reaction, as
well as for rapid reactions.

When using different solvents in the ESI-based micro-
reactor device, scientists might get some surprising results.
Mixing solutions of 1 equivalent of the Grubbs-catalyst dis-
solved in dichlormethane with 5 equivalents of alkali metal
chloride salts dissolved in methanol using a micro-reactor
could simultaneously result in intense signals of the stable
alkali metal cationized Ru-carbene complexes.'” Based on this
method, many kinds of intermediates in different olefin meta-
thesis reactions were intercepted and the reactivity of these
alkali metal cationized Ru-carbene intermediates was studied
using ion-molecule reaction or MS/MS."” We also took advan-
tage of the micro-reactor method to investigate the transient
intermediates in the acetonitrile-assisted fast decomposition
reactions of 1% generation Grubbs catalyst'® and the rapid
cyclopropenium-activated chlorination reaction of alcohols on
the reaction time scale of several minutes.”® Abliz and Ding
successfully used the cold-spray ionization method coupled
with a micro-reactor device to monitor the dynamic structures
of labile noncovalent titanium complexes in solution.>® The
pressurized sample infusion (PSI) system developed by the
McIndoe group is also a practical device to monitor the reac-
tion and study some oxygen/water sensitive reactions by
ESI-MS.*!

Solvent-assisted electrospray ionization method

The most common situations chemists meet during reaction
mechanism studies using ESI-MS are that the optimal con-
ditions for chemical reactions are in low/non-polar solvents,
such as dichloromethane, hexane, benzene or toluene, which
are incompatible with typical ESI-MS. Dilution with polar sol-
vents or ionic liquids directly or application through an on-
line mixing device is a general method to solve the problems.
However, sometimes these methods do not work because such
operations might change and disturb the experimental con-
ditions and finally compromise the intermediate detection by
ESI-MS. Nowadays, some new ESI-based ambient MS methods
have been developed and reported for the analysis of a sample
solution in “non-ESI-friendly” solvents. The outstanding point
of SAESI-MS is that a very short time scale in the mixing event
at the spray tip during SAESI-MS ionization would cause little
interference with the original state of the reaction solution.
The extractive electrospray ionization mass spectrometry
(EESI-MS) developed by Chen and Cooks has some similarities
with the SAESI-MS method and EESI-MS is also an important
method for studying the transient reactive intermediates of
some fast reactions on the millisecond timescale.>” Unlike the
experimental setup with two separated sprayers in EESI-MS,
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the dual sprayers contact each other at the spray tip with a
30°-75° angle in SAESI-MS. Based on some experiments, the
ionization process in SAESI was suggested to occur in the
Taylor cone before nebulization of the sample solution, which
is different from the EESI-MS process. The sample introduc-
tion is independent from the ionization process in SAESI,
which allows the online-monitoring reaction solution in a
less polar solvent, such as the cycloisomerization of phenyl
propargyl ether catalyzed by Ph;PAuNTf, and the Morita—
Baylis-Hillman (MBH) reaction in dichloromethane. Most of
the intermediates can be ionized and detected in their original
states due to the extremely short mixing time with the assist-
ant solvent and some chemical reagents can be added to the
assistant solvent to enhance the ionization efficiency of the
target analytes.” SAESI is also an outstanding MS interface
with high tolerance to low/non-polar compounds or com-
plexes, improving the ionization efficiency and decreasing the
matrix suppression effect. SAESI can be applied to analyze
polymers in GPC eluents and chiral drugs separated by normal
phase liquid chromatography and to perform online H/D
exchange. By developing and using such a method, we can
now perform ESI-MS studies on complicated sample solutions
that were incompatible with ESI-MS analysis previously.

Experimental
General cautions in studying reaction solutions using ESI-MS

Some operations are recommended herein for the reaction
mechanism studies using ESI-MS: (1) using high quality
solvent and performing control runs of the solvents to check
the solvent purity and the background signals; (2) in the analy-
sis of water or air sensitive compounds/complexes, the solvent
should be dried and bubbled with argon and acetonitrile
could be changed to bromobenzene or fluorobenzene; (3) con-
centrated solutions of metal-catalyzed reactions must first be
filtered using filter membranes (pore size of 0.45 pm with
organic solvent tolerance) to get rid of tiny or invisible par-
ticles in the reaction solution, which could cause a terrible
jam in the spray capillary in the ESI ion source; (4) after the
ESI-MS measurements, the ion source has to be cleaned
immediately to remove the contamination of residuals from
the reaction solution.

Micro-reactor device

An aliquot of solution (a) was mixed with an aliquot of solu-
tion (b) in the same or different solvents by using two indepen-
dent syringes into a mixing tee coupled directly to the ESI-MS
ion source. The injection speed of both solutions and the dead
volume of the mixing tee and pipe line to the ESI-MS ion
source determined the time scale of such a device for studying
the reaction.

SAESI device

The SAESI device includes two independent sprayers: a sample
solution sprayer and a solvent-assisted sprayer with a high-
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voltage power supply. The dual sprayers contact with each
other at the spray tip at a 30°-75°angle (Fig. 1). Such a design
allows the charged solvent droplets and the sample solution
droplets to meet simultaneously at the tips of the spray
needles to form a continuous and stable spray plume. Nor-
mally, the polar solvent was selected and used as the assistant
solution based on the experimental results.

Conclusions

In this short account, we preliminarily discussed the solvent
assistance strategies and technologies developed recently and
their applications in “fishing” the reactive intermediates from
complicated reaction solutions. In particular, the SAESI-MS
method was highly recommended due to its simplicity, flexi-
bility and good performance for the analysis of a reaction solu-
tion in a non-ESI friendly solvent system. These advantages
make SAESI-MS a prospective strategy in reaction mechanism
studies using ESI-based mass spectrometry.
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