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Abstract

The general concepts, advantages, and applications of on-line and off-line screening to organic reaction mechanistic studies applying API-M
are reviewed. An overview is presented of the development and the present stage of connected microreactors to API ion-sources. Exampl
of the successful application of API in revealing, elucidating, and helping to consolidate several proposed mechanisms of organic reactions ar
summarized. Finally, a variety of outstanding features and advantages that make API-MS the most suitable tool for the fast screening of mitermediat
directly from solution, and the exceptional gains in chemical information for organic chemists are also emphasized.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction catalytic reaction is studied. For example, Chen and co-workers
used this technique to study important homogeneously transition
The recent developments of mass spectrometric ionizatiometal catalyzed reactions. However, this important methodology
methods at atmospheric pressure (API) like electrospray ionizdias been recently reviewgg] and will not be discussed in this
tion (ESI)[1], atmospheric pressure chemical ionization (APCl)paper.
[2], thermospray ionization (TI), and atmospheric pressure photo In general, ESIis used for ionic species in solution. However,
ionization (APPI)3], enable the investigation of liquid solutions for neutral molecules not easily protonated in solution, and not
by mass spectrometry. These ionization methods opened up thao labile, atmospheric pressure chemical ionization (APCI) is
access to the direct investigation of chemical reactions in soluthe besttool. APCland ESI are the most utilized API methods for
tion via mass spectrometry. In principle, these methods makeoupling liquid-phase to mass spectrometers. They are comple-
possible the detection and study not only of reaction substrateasentary in nature in that APCI is generally better suited for less
and products, but even short-lived reaction intermediates as th@plar species than ESI. Analogous to the chemical ionization,
are present in solution, providing new insights of the mechanisrPCl is a relatively soft ionization and induces little or even no
of the reactions studied. fragmentation of the analyte. A brief commentin the mechanism
ESI-MS and its tandem version ESI-MS/MS are rapidlyis taken to distinguish APCI from ESI. No voltages are applied
becoming the techniques of choice for solution mechanistiin the spray formationin APCI, the neutral molecules are carried
studies in chemistry and biochemistry, and in high-throughputo the gas phase by a thermic process. The desolvation process is
screening of homogeneous catalysis reactiéhshe principal  reached by heating the solution within the APCI assembly, nor-
outcome of the ESI process is the transfer of analyte specignally maintained between 150 and 5%D. A corona discharge
generally ionized in the condensed phase into the gas phaseedle with an applied voltage between 3000 and 5000V pro-
as isolated entities. One of the most interesting methodologiegdes electrons that ionize the gaseous analyte via a series of
using ESl is the “ion-fishing” techniqyé]. The suspected cat- gas phase ion/molecule reactions at atmospheric pressure. In
alytic ionic species is “fished” from solution and transfered tothe positive ion mode, for instance, the energetic electrons ini-
the collision cell of the mass spectrometer, where the gas phasiate a sequence of reactions with the nebulizing gas (typically
nitrogen) giving rise to nitrogen molecular ions. Depending on
the composition of the mobile phase (solvent, S), ions such as
* Corresponding author. Tel.: +49 441 7983718; fax: +49 441 7983329, S**,[S+HJ", and others are formed via a series of ion/molecule
E-mail address: juergen.metzger@uni-oldenburg.de (J.0. Metzger). reactions with the nitrogen molecular ions. The ionization is
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therefore initiated by electron transfer to the radical catitph S There are some documented cases where the charge state is
and by exothermic proton transfers from the protonated solverthanged after the desolvation process, like the multiply charged
ion. The neutral analyte molecules are consequently yielded iimorganic and organic ions, which are sometimes not seen in
the gas phase into the radical and the protonated molecular iotheir expected charge state. The change occurs mainly for ions
respectivelyf7]. with the charge localized on one single atom or small group
This review deals with the use of API-MS in the organic of them, e.g., M* with z>1; SQ?~, PQ;3~ [19]. When the
reaction mechanistic studies in the condensed phase. We focomlltiple charge is confined to such a small volume, the high
on the interception of intermediates in organic reactions precoulombic repulsions present forces the ion to undergo a charge
viously proposed based on experimental evidences, and iseeduction by intra-cluster proton transfer reaction in case of
lation of the different products, validating or not the empiric protic solvents, or by charge separation between the metal cen-
proposals. The relevant literature up to 2004 has been cover and the bonded solvent molecules when aprotic solvents
ered. However, kinetic studies using ESI-N®§ as well as are used. Such reduction processes are promoted by colli-
on-line coupling of electrochemistry with mass spectrometrysions with residual gas molecules in the source interface region
[9] were reviewed quite recently and therefore will not be[20]. The interception of multiply charged naked ions can be
considered. achieved when the charge is stabilized by solvent molecules or
More detailed information can be found in some excellentigands.
reviews that summarize the current thinking on the several stages The intensity of the detected gas phase ions and the cor-
of the ESI proces§l0,11] However, a brief comment in the responding concentrations of these ions in the electrosprayed
mechanism must be emphasized. solution is related. However, in cases where the solution con-
The course of the electrospray process can be described withins compounds able to react with these ions, the intensities
relative simplicity. A solution of the analyte is passed throughmay change drastically and much more complex relationships
a capillary hold at high potential. The high voltage generates aay prevail. As an example, some protonated bases and depro-
mist of highly charged droplets which passes through a potertonated acids can afford unexpected proton-transfer chemistry.
tial and pressure gradient towards the analyzer portion of th&his donation is associated with unusual conditions prevailing
mass spectrometer. During that transition, the droplets reduds the ion transfer process from the droplet to the gas phase,
their size by evaporation of the solvent and by droplet subdivisince solution and gas phase are two different environments for
sion resulting from the coulombic repulsions caused by the higlionic species.
charge density achieved in the shrinkage. As final result, the ions The coordination properties of supramolecular compounds
become completely desolvatfl?]. may also differ between the solution and the gas phase. It is
The charge state of the isolated ions is expected to closehyell known that polydentate ligands capable of forming sta-
reflect the charge state in solutifi8], since the transfer ofions ble solution complexes with transition metals ions favor the
to the gas phase is not an energetic process—the desolvationtignsfer of the metal into the gas phase by stabilizing it. Using
indeed a process that effectively cools the ifir§. Therefore, salts of double charged ions (My) as an example, ESI of
it can be assumed that the ESI involves only the stepwise digM" L+ X5] complexes may afford singly [NL +X]* or dou-
ruption of non-covalent interactions, principally the removal ofbly [M"L]?* charged ions by losing one or two counter-ions
molecules of solvatiofil5]. For example, in a detailed study (X7), respectively. In some cases, it is possible to observe ions
by Kebarle and Ho, the transfer to the gas phase of differerin the ESI mass spectrum corresponding td [M- H]*, due to
ions dissolved in a wide variety of solverts] was possible the elimination of one counter ion plus a subsequent expulsion
by ESI. It included singly and multiply charged inorganic ions, of the counter anion acid (HX). The proton is therefore pro-
e.g., alkali, alkaline earths, and transition metals, organometaiided by the ligand. Meanwhile, in all these cases the oxidation
lic species, and singly and multiply protonated or deprotonatedtate of the metal center does not chaifigg], the coordi-
organic compounds, e.g., amines, peptides, proteins, carboxyli@tion number can indeed change, as Vachet and co-workers
acids, and nucleic acids. suggested. For a number of'Nand Clf complexes, the coor-
The experimental information available so far on the preserdination numbers differ on going from solution to gas phase
vation of the charge is not clarifyirfd 7]. Single-electron trans- [22].
fer can occur during the electrospray process, because the ESI All these cases suggest the necessity to perform a rigorous
capillary may act as an electrolytic half-cell. Many neutral analysis to probe unambiguously that the species detected by
molecules, i.e., porphyrins, polycyclic aromatic hydrocarbonsESI are the ones prevailing in solution, and more importantly
aromatic amines, heteroaromatics, and metallocenes with lot® confirm that they are indeed reactive intermediates on the
redox potentials are oxidized to form radical cations, allowingreaction path. An important methodology is to isolate in the gas
their detection in the gas phase. Analytes with redox potentialphase the species assumed to participate in the reaction mecha-
less than about 0.3V vs. SCE were found to be almost comnism and perform ion/molecule reactions with the substrate of
pletely oxidized by this process and detected at low lejdds  the reaction solutiof6]. This methodology is very useful to dis-
However, the efficiency of oxidation detection decreased dracard side-products and to assure the reliability of the analysis.
matically for analytes with redox potentials greater than 0.3 VAnother important method is the study of well-known reactions
In the negative ion mode, the reduction of some neutrals, i.eand compares the data obtained by ESI-MS with other spectro-
guinones, fullerene to form radical anions has been reported. scopic techniques.
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2. Methods developed to study reaction mechanisms various ligands was quenched and then studied by ESI-MS.
The mass spectrometric method required milligrams quantities

There are two different possibilities for study a reactionof catalyst, took place in only few minutes, and was suitable

using API methods, i.e., off-line and on-line screenings. Earlyfor both pooled and parallel screens of catalyst libraries. This

investigations using APl techniques were mostly performed offintriguing method of high-throughput screening of homoge-

line, like the oxidation of tetrahydropterins to radical cationsneous catalystby electrospray ionizationtandem mass spectrom-

[23], the Mitsunobu and Wittig reactiorf24], and homoge- etry was recently reviewe@0].

neously catalyzed reactions such as the Suzuki reaf@ijror

the palladium-catalyzed oxidative self-coupling of areneboronic; » - op,-jine monitoring

acids[26]. The first on-line mass spectrometric investigation

in electrochemical reactions using thermospray ionization was | the second scenario, the kinetic and mechanistic informa-
reported as early as 19887]. It proved the potential-dependent tions about the reactions in solution can be studied using reactors
fqrmatlon o'f.d|m.ers and trimers in thg electrooxidatiorVgV- coupled to the ESI ion-source. This method provides mass-
dimethylaniline in an aqueous solution. Another example ofspecific characterization of stable products and reactive inter-
on-line investigations is the reaction of ferric bleomycin andmegiates with lifetimes down to the millisecond time regime.
iodosylbenzene, where a low dead volume-mixing tee directly The simplest reactor on-line coupled to the mass spectrome-
attached to the spray sourf@3] was used. ter is the own syringe. It allows the screening of the reaction in
real time, and the trapping of transient species. Several groups
developed different devices for study the mechanism in solu-
tion of radical initiated, photochemical, electrochemical and
. . ._organometallic reactions, reducing the transit time of the species
A sequence of events in the study of a reaction in solutlonduring the experiments. Some of them are commented below
by mass spectrometry could be to investigate the specific reac- ' '
tion conditions by mixing the reagents for the detection of the
different intermediates, and then determine the solution comé-2-1- On-line microreactor [28,31,32] _
position over time when the reactants are progressively trans- A commercially available microreactor (Alltech, PEEK mix-
formed into products. This latest operation can be accomplishe9 €€, Fig. 1) can be directly connected to the ESI spray
by direct screening by MS of the reaction intermediates during@pillary, allowing to cover reaction times from 0.7 to 285 in
pre-defined intervals and characterization by MS/MS, alway$ continuous-flow mode. Longer reaction times can easily be
if there is a reasonable concentration of them in solution, an§overed introducing a fused silica transfer capillary of variable
these species are not degraded within few minutes. The ovelength between the microreactor and the spray capillary. The
all time resolution has to match the rate of the process to yiel§hemical reaction in this system takes place by mixing two lig-
the desired information. It is determined by the interval elapsedid flows containing the substrate and the reagent in the close
between consecutive sampling operations and is a direct functidfOXimity of the ionization source. In the moment of mixing
of the time used to secure and quench each aliquot in off-lin®oth soluuons, the reaction is initiated and the mass spectra
methods. Transient species cannot be therefore analyzed wiffh the reacting solution under steady state conditions can be
this feature due to their short lifetime residence in solution. ~ acquired.

Hinderling and Cherj29] used the off-line monitoring in
developing a mass spectrometric assay of polymerization cat&:2.2. On-line capillary mixer adjustable reaction chamber
lysts for combinational screening. A homogeneous Brookhart The Wilson’s on-line continuous-flow apparat{83] con-
polymerization catalyzed by a Pd(Il) diimine complex usingsists in two concentric capillaries, each of which is connected

2.1. Off-line monitoring

Substrate
in dichloromethane

T T——HPLC fittings

- ESl spray capillary

Tris(p-bromophenyl)aminium
hexachloroantimonate

in dichloromethane Micro reactor

Fig. 1. The microreactor allows the effective mixing of the reactants in solution and is coupled directly to the electrospray ion source. Fitheegiugs used
to study radical cation chain reactions as described in Se8tion
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Fig. 2. Schematic representation of a continuous-flow mixing set up for kinetic measurements by time-resolved ESI-MS. Syringes 1 and 2 delivens:-fiowti
of reactants; mixing of the two solutions initiates the reaction of interest. The plug at the end of the inner capillary ensures that all the Igywiddeoinis expelled
through a notch at the capillary end into the narrow inter-capillary space. The inner capillary can be automatically pulled back, togethegw/ith(agrimdicated
by the dashed arrow). This provides a means to control the “age” (reaction time) of the mixture at the capillary outlet. Arrows indicate the tlicaaiticitoay.

to a syringe to allow for infusion of two reactant solutions. The2.2.3. On-line quartz photolysis cell

two solutions are mixed at the end of the inner (fused silica) Arakawa’s on-line apparatus consists by directly irradiating a
capillary, and the reaction is allowed to proceed until pneumatsample solution passing through a quartz photolysis cell located
ically assisted ESI occurs at the outlet of the outer (stainlesi& the middle of the ESI spray tip to detect intermediates with
steel) capillary. The reaction time is controlled by the flow ratedifetimes of more than few minuted=ig. 3). A light shutter
from the syringes, and by the volume between the mixing poinequipped with a W cutoff filter is mounted at the exit of the
and the outer capillary outlet. Mass spectra can be recorded ftemp to control photoirradiation. This set allows two different
selected reaction times by controlling the syringes flow rate anchodes of irradiation. The first one, defined as cell mode irra-
the volume available between the capillaries ends. To acquirdiation, consists in the direct irradiation of the sample solution
kinetic data (i.e., intensity time profiles), the inner capillary isas it passing through the celif. 3). It takes about 2 min for
withdrawn continuously such that time-dependent changes ithe flowing sample to pass across the irradiated area in the cell
signal intensity can be observed for all ions in the mass spe@nd about 40 s to arrive at the tip of needle for spraying, which
trum. A continuous-flow setup for “time-resolved” ESI-MS is allow the mass analysis of photoproducts with lifetimes of min-
depicted inFig. 2 This system represents a concentric capillaryutes[34]. The second mode, defined as spray mode, involves
mixer with adjustable reaction chamber volume. This instrumenthe irradiation of the charged droplets distributed in a plume
operates under laminar flow conditions, a fact that has to be takdashion at the tip of the needle, making possible the detection of
into account for the data analysis. Reactant solutions are contiimtermediates with lifetime of milliseconds.

uously expelled from two syringes. The first of these syringes is

connected to the inner capillary, whereas the solution delivere@d.2.4. On-line photochemical reactor

by the second syringe flows through the outer capillary. The Similartime resolution was described by Brum and Dell'Orco
reaction of interest is initiated by mixing the two solutions at[35] monitoring the photolysis of idoxifene in a jacketed reactor.
the end of the inner capillary. The reaction then proceeds, whilén this particular study the signal of the relevamtf H]* ions

the mixture flows towards the outlet of the apparatus, where ESkas directly used without previous isolation, demonstrating the
takes place. The reaction time is determined by the solution floyotential utility of such MS interfaces for in situ probing.

rate, the diameter of the outer tube and, mostimportantly, by the The experimental approach consists in a jacketed reaction
distance between the mixing point and the outlet. This distanciask equipped with a looping stainless steel capilldig (4),

can be modified by adjusting the position of the inner capillarywhere the solution is irradiated. A pump allows the circula-
as indicated irFig. 2 Kinetic experiments are typically per- tion of the solution trough the capillary at a high flow rate
formed by initially suppressing the volume between capillaries(5-10 mL mirr1), meanwhile, another separates part of the cir-
which corresponds to a reaction time of zero. The mass speculating solution into a PEEK tubing. Finally, a third pump
trometer then continuously monitors the ions emitted from theallows a posterior addition of buffer solution or make-up solvent
capillary outlet meanwhile, the volume and the reaction timeappropriate for the ionization method through a static mixing tee.
was increased by slowly pulling back the inner capillary. Thesélhe accuracy of the fluid flow is ensured by the use of a metering
experiments provide three different sets of data, i.e., the reactioralve in the connection between the looping capillary and the
time determined by the mixer position, the information on thePEEK tubing. This apparatus allows the introduction of samples
identity of the species in the reaction mixture providedsiite  to the mass spectrometer with an approximate dead time of few
values, and the concentration of each of these species, whichnsinutes, making it not suitable for extremely rapid reactions.
related to the intensity recorded for the ions in the mass spectrélowever, it can be used to study a very great variety of not only
The time resolution of this system is suitable for measuring ratphotochemical, but also organic reactions in real time period
constants in the range from 1.0%up to at least 100°g". [36] and in a processing scale of the reactants.
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Fig. 3. Schematics of electrospray mass spectrometry for on-line analysis of photochemical reactions. Two modes of photoikradia@om{(; a UV cutoff filter)
were used: the cell mode, involving irradiation of the sample solution in a quartz cell, and the spray mode, involving irradiation of chargedistrdpiétsl in the

plume at the tip of needl@4].

Hg Lamp

j 10 mL/min

<4

Reactor

Temperature Control

0.25% Acetic Acid

loj muUmin  Mass Spectrometer

—Eod— <] ]

0.2 mLimin ESI Source

Fig. 4. Basic scheme of the experimental apparg8s

2.2.5. On-line photochemical apparatus

solutions that are irradiated directly in the optically transparent

Amster’'s apparatus is an on-line ESI-MS technique for thenanospray tip of the ESI source. Subsequent thermal reactions
study of photochemical reactions that greatly reduces the trarmf the primary photoproducts take place in the region between

sit time of photogenerated specigy]. Fig. 5 shows sample

P light from laser

~

sample solution
from syringe pump

optical fiber

\
PR

\

silica capillary
tubing with coating

Fig. 5. Photochemical apparatus for nanospray3i).

the photolysis zone and the tip end. The transit time of a pho-
toproduct depends on the volumetric flow rate of the sample,
the inner diameter of the tip, and, the distance between the
midpoint of the irradiated zone and the tip end. For example,
with D =0.84 mm, a tip diameter of 40m, and a flow rate of
40uL h~1, products require 95ms to arrive at the tip end for
spraying. All chemical reactions are quickly quenchesd {ime
scale) once the sample solution leaves the tip owing to rapid
desolvation of the solutes that occurs during the electrospraying
process. Consequently, ionic species with solution lifetimes in
the millisecond range orlonger can be detected by this technique.

2.2.6. On-line electrochemical cell
Lev and co-workerg38] developed a radial flow electro-
chemical cell coupled to an electrospray interface to study
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T " 3.1. Radical cation chain reactions
to MS

3.1.1. [2+ 2]-Cycloaddition of trans-anethole
Meyer and Metzger[32,39] studied the tris(p-bromo-
5 phenyl)aminium hexachloroantimona®®*SbCk~) mediated
[2 + 2]-cycloaddition oftrans-anethole Z) to give |,2bis-(4-
methoxyphenyl)-3,4-dimethyl cyclobutan8)( The reaction
proceeds as a radical cation chain reaction via transizfits
and3** that were unambiguously detected and characterized by
ESI-MS/MS directly in the reacting solution. At first, the reac-
tion was studied by APCI-MS, because subst2aa@d product
3 are notionized by ESI. A solution #*SbCk~ and a solution
of 2, both in dichloromethane, were mixed in a microreactor sys-
tem Scheme }, feeding continuously the APCI-MS. Thus, the
reaction could be followed by APCI making sure that a solution
containing an ongoing radical cation chain reaction was intro-
duced in the ion source. This is of central importance because an
"""""""""" ongoing reaction process is necessary for a successful detection
by ESI-MS of intermediates under steady state conditions.
\ 5 When the reacting solution ¢f*SbCk~ and2 was exam-
WE ined by ESI-MS, the spectrum depictedkig. 7(a) was col-
lected. The ESI-MS spectrum only displays an intensive signal
of radical cationl**. Substrate and producB are not ionized
Fig. 6. Scheme of the Lev’s radial thin layer flow cell. (1) Upper Delrin block during the ESI process and cannot be observed. The transient

with tubings; (2) bottom Delrin block with Pt working disk electrode; (3) Teflon . . ot ot
spacer; (4) reactor-PEEK tube o.d. 1.57 mm; (5) PEEK tube o.d. 3.2mm, i.d'..acllcal cation2*” of m/z 148 and3*™ of m/z 296 were not

1.6 mm:; (6) T-junction: (7) grounded stainless steel tube approx. 5cm long, i.d’€cognized in the spectrum directly, since the quasi stationary
0.13mm, o.d. 1.6 mriB8]. concentration of the intermediates in the radical cation chain
reaction is estimated to be approximately 1®, three orders
of magnitude lower than the concentration of radical cation

1°*. The signals of the transient radical cations are expected

electrochemical reactions involving subsequent parallel ang disappear in the chemical noise. Zooming into the chemi-
consecutive chemical reactionBig. 6). The electrochemical noise, it is possible to recognize the very weak signals at

flow cell consists of two cylindrical Delrin blocks (1 and 2) {he expectedh/z of the radical cations. Using the MS/MS tech-
separated by a 50m Teflon spacer (3). A 1.6 mm diame- nique radical catior2** (Fig. 7(b)) and3** (Fig. 7(c)) were

ter Pt disk electrode (WE) is pressed into the lower blockcigarly detected. The ESI-MS/MS spectra were in agree with

The electrolyte flows in a radial, inward direction. A cen- hqse of the respective authentic radical cations characterized by
tral aperture in the Teflon spacer (3) allows passage of thgpc|_ms/MS.

electrolyte towards the center of the disk electrode where it
is collected into the axial inner tube (4). The volume of the ; > pyecrron transfer initiated Diels—Alder reactions
compartment of the working electrode, which is the volume Using a microreactor coupled API-MSig. 1), Fiirmeier

of electrolyte located between .the working electrode gnd the g Metzger investigated thes(p-bromophenyl)aminium hex-
walls of the central tube (4), is only OuL. The working  5chioroantimonatedt*ShCk—, 5.0 mmol 1) initiated reac-

disk electrode and the inner tube (4) are coaxial. The chan;gy of phenylvinylsulfide §, 0.5mmol L"Y) and cyclopenta-

nel in the central tube (4) forms a reactor in which subsequenjiene 6, 2.5mmol 1) in dichloromethane, which gives the

chemical reactions can occur, and its _"Olume can be adJ”Stet‘éspective Diels—Alder produt[40]. This preparatively inter-

to 0.5, 2.0, 2.8, and 840L through different inner PEEK  oqiing reaction proceeds as radical cation chain reaction via the

tubes, covering reaction times from 4.3 to 480s. A detailed,nsient radical cations®* of the dienophile and** of the

description of on-line coupling of eIe_ctrochemi_caI apparatus t‘?espective Diels—Alder addition produ@dheme 2 These rad-

mass spectrometers can be found in the review by Diehl andl5| cations could be detected directly and characterized unam-

Karst[9]. biguously in the reacting solution by ESI-MS/MS. Their identity
was confirmed by comparison with MS/MS spectra of authentic
radical cation$** and7°**obtained by APCI-MS, and by CID

3. Radical reactions experiments of the corresponding molecular ions generated by
EI-MS. In addition, substrates and products could be monitored

Some synthetically important radical reactions have beerasily in the reacting solution by APCI-MS.
studied by API-MS methods. The transient radicals were unam- Furthermore, BErmeier and Metzger used the same procedure
biguously detected and characterized by MS/MS methods. to study the electron transfer initiated Diels—Alder reaction of

slovent
—

CE DPD containing

electrolyte

RE
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Scheme 1Tris(p-bromophenyl)aminium hexachloroantimonatt'8bCk~) mediated radical cation chain reaction rafns-anethole 2) to give head-to-head
trans,anti,trans-1,2-bis-(4-methoxyphenyl)-3,4-dimethyl cyclobutar®) yia the reactive intermediat@s* and3** [32,39].

isoprene and anethole, as well as the Diels—Alder dimerization afpectrometer. IrFig. §a), the mass spectrum of the reacting
1,3-cyclohexadiene. They unambiguously detected and charaselution after a reaction time of approximately 30 s is depicted.
terized the respective transient radical cations of the dienophilddonomeric and dimeric complex ions of substrsnd product

and of the Diels—Alder addition produd#0]. 10 can be observed.
Furthermore, heterodimeric complex ions of substrate
3.2. Radical chain reactions and product 9-10-Sc(OTfp]* and P-10-Sc(OTf)s]*, respec-

tively, were observed. An intermediate radical complex ion

Free radicals are neutral species and therefore cannot el-Sc(OTfp]* with an expected/; ratio of 654 could not be
normally detected by ESI-MS. However, it is well known that unambiguously detected in the mass spectriig. §(a)) due to
radical reactions can be mediated by Lewis acids if the subthe steady state concentration of radithin the radical chain
strate acts as a Lewis base by chelating the metal atom w@éaction, which is estimated to be approximately 4®, four
a Lewis acid in solution. #rmeier and co-workers studied orders of magnitude lower than the concentration of subSrate
tin hydride mediated radical additions to dialkyl 2-alkyl-4- and of product0.
methyleneglutarates in the presence of Lewis acthéme B Using MS/MS it was also possible to detect and character-
[31,41] Diesters such as dialkyl glutarates were able to chelateze the intermediate radicdll as a monomeric complex ion
the Lewis acid and form the dialkyl glutarate—Lewis acid com-[11-Sc(OTfy]* (m/z 654,Fig. 8b)) as well as a heterodimeric
plex, thus allowing the detection of the Lewis acid—ester com€omplex ion with substrat® and product0, respectively. The
plexes by ESI-MS. For example, the complex with Sc(@Tf) MS/MS spectrum of the heterodimeric complex ion of substrate
dissociates to form a chelate complex cation and a triandradical9-11-Se(OTf)s]* (m/z 1400)is depicted ifig. §(c).
flate anion was intercepted. In addition to monomeric also Two main and characteristic fragmentations of this ion
dimeric complex ions §,-S,(OTf)s]* were observed, giv- are the dissociation by the loss of neutral radical complex
ing evidence of the respective dimeric complexes in solutionl1-Sc(OTfy (—803u) that gives the substrate complex ion
[42]. [9-Sc(OTfp]* (m/z 597), and the loss of neutral substrate com-

The reaction was carried out by mixing a solution of glutarateplex 9-Sc(OTfi (—746 u) results in the radical complex ion
9 with 8 and Sc(OTf} in diethyl ether, saturated with air and [11-Sc(OTfp]* (m/z 654). Additionally, a fragmentation to
a solution of tributyltin hydride containing triethylborane under complex ion P-11-Sc(OTfp]* (m/z 908) by loss of Sc(OT$)
argon in the microreactor on-line coupled to the ESI ion sourcé—492 u) was observed. The elemental composition of the ions
(Fig. 1). The reacting solution was fed continuously into the masg11-Sc(OTfp]*, [9-11-Se(OTf)s]*, and [10-11-Se(OTf)s]*
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- MeOs o 2" . . ; + _
> | -15Th / Scheme 2 Tris(p-bromophenyl)aminium hexachloroantimona4e*SbCk~ )
8 ~Mes |48 initiated radical cation chain reaction of phenylvinylsulfi@¢&nd cyclopenta-
:: | . l dieng 6) _to give the Diels—Alder product 5-(phenylthio)norbornefpvia the
« Cy CiHg "7 reactive intermediated* and7°*.
\ ") line ESI-MS'). Several hydroperoxide adducts were tentatively
0 L o = | WU W | S identified as initial, one-electron reduction products of TNT, and
a0 L o 140 160 their structure confirmed by tandem mass spectrometry.
Griep-Raming and Metzgd#@4] studied the thermal dis-
1(5’())_ e S sociation of the triphenylmethyl dimer and aftra(p-anisyl)
Rl hydrazine, operating the ESI source as electrolytic cell to ionize
4 \ neutral species, e.g., the triphenylmethyl radical. In this study,
=4 8 b an electrospray ionization source able to heat the spray capillary
% 188 was used.
;g -108 Th
% CgH,O*
= j CHi0" @“’/ 3.4. Photochemical reactions
'] Arakawa et al.[45] developed the on-line photoreaction
0 PSR S R 5 A < A Al o i cell depicted inFig. 3, and performed a series of stud-
m/z ies on the detection of reaction intermediates in photosub-

Fig. 7. (a) ESI mass spectrum in the positive ion mode of the reacting solu-Stitu'[ion. and photooxidatigrn of Ru(ll) C,OmP"?XeS- The pho-
tion of trans-anethole Z) (0.5mmol L=1) and rris(p-bromophenyl)aminium  tosubstitution of Ru(bpygB<" [bpy = 2,2-bipyridine; B=3,3-
hexachloroantimonatel) (5.0 mmol L=1) in dichloromethane (reaction time dimethyl-2,2-bipyridine (dmbpy) or 2-(aminomethyl)pyridine

approx. 7). (b) ESI-MS/MS of the ion eilz 148 of the same reacting solu-  (ampy)] was studied in acetonitrile and pyridine. Irradiation of
tion showing identical fragmentations compared to the APCI-MS/MS spectrum
of the authentic radical catio2** ¢) ESI-MS/MS of the ion ofn/z 296 of

the same reacting solution showing identical fragmentations compared to the
APCI-MS/MS spectrum of the authentic radical catdsr.

BusSnH

BEt3/O,
tBu-I
8

o) O

were confirmed via their accurate masses determined by Q-TOF g 10 h .

measurements. BuaSn
The radical chain allylation of diethyl 2-iododiadipate with BugSnl

allyltributyltin in the presence of Sc(OH)to give diethyl 2- BusSnH

allyladipate via a radical intermediate was studied quite analo-

gously. The transient diester radical was detected and character-

ized by MS/MS[31].

tBu®

3.3. Various radical reactions O 4 O 0 SN

. Hess et al'[.4.3] reported the Qegrada}tlon products resu'.t Scheme 3. Tributyltin hydride-mediated addition sefs-butyl iodide 8) to
Ing from mOd.Ifl,ed Fenton reactions Wl_th_ the nltro‘fjlromatlcdimethyl 2-cyclohexyl-4-methyleneglutarat®) ( stereoselectively givingyn-
compounds trinitrotoluene (TNT) and trinitrobenzene (TNB) gimethyl 2-cyclohexyl-4-neopentyl-glutarate0j via transient adduct radical
through electrospray ionization tandem mass spectrometry (offH in the presence of Sc(OEf)
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Ru(bpypB?* and related complexes yields a charge-transfer
excited species with an oxidized Ru center and an electron
localization on the bpy moiety. The excited-state complex
underwent ligand substitution via a stepwise mechanism that
includes an! bidentate ligand $cheme % Photoproducts
such as Ru(bpg?* (S=solvent molecule) and intermedi-
ates with a monodentate (mowhapro-coordination) B ligand,
Ru(bpy»BS?*, and Ru(bpy)BSX* (X=C104~, PRs~) were
detected. Other studies also identified photooxidized products
of several mixed—valence Ru(ll) complexes upon irradiation
(A >420nm)[34b,46]

A novel photochemical switching reaction utilizing ESI-MS
was reported by Arakawa and co-workddy] (Scheme h
This process involved a cation (e.g.} KNa") binding complex
that consisted of a malachite green derivative incorporating a
bis(monoazacrown ether)2. The irradiation (240—400 nm) of
a solution of crowned malachite green containing an equimolar
amount of potassium or sodium perchlorate resulted in an ESI-
MS signal which was assigned to the corresponding quinoid
cation and subsequent loss of the metal itth, Presumably,
the metal ion was released upon charge—charge repulsion, fol-
lowed by the intramolecular ionization of the leuconitrile moiety
(Scheme kh The ‘off’ or ‘on’ mode of a cation binding host could
be manipulated by UV irradiation and confirmed by ESI-MS

The same on-line photochemical ESI-MS methodology
was employed in the analysis of photoallylation reactions of
dicyanobenzene (DCB) by allylic silanes via photoinduced elec-
tron transfe48]. Brum and Dell’Orcq35] reported on inves-
tigations of the photolysis of a substituted triphenylethylene
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derivative using the reactor depicted Fig. 4. The approach
allowed the monitoring of the parent species and five relevant

Fig. 8. (a) ESI mass spectrum in the positive ion mode of the reacting soluféaction products simultaneously. The rate constants for pho-

tion of the tributyltin hydride-mediated addition (1.25 mmotl) of zerr-butyl
iodide §) (2.0mmol L) to dimethyl 2-cyclohexyl-4-methyleneglutara® (
(0.5 mmol 1) in the presence of scandium triflate (0.6 mmot).in diethyl
ether resulting in addition produb® after a reaction time of approximately 30 s.
(b) ESI-MS/MS of the radical complex iol{-Sc(OTfp]* (m/z 654). (c) ESI-
MS/MS of the substrate-radical complex idh1[1-Sc,(OTf)s]* of m/z 1400

from the same reacting solution.

Ru

N

hv

toconversion could be derived from the time-ion current data.
Herein, Schuster et al. used ESI-MS to study off-line some pho-
toadditions to Gp [49].

Amster and co-workerf37] reported the use of ESI-MS to
probe the solution photochemical behavior of [CpFebg]PF
where Cp is n°-cyclopentadienyl and bz is;®-benzene,
applying the apparatus proposed by the group shown in
Fig. 5. The interest in the [CpFef-arene)f family arises
from their use as visible-light-sensitive photoinitiators for the

N

7. e
W%&V

Intermediates with ann Bidentate L|gand

:O = bidentate ligand
@ = solvent

Scheme 4. Photooxidation of ruthenium complexes.
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Scheme 5. Photochemical switching reaction withf Mad K as an ‘off’ or ‘on’ mode of a cation binding host. The screening was performed with substrate
concentrations around 0.2 mmotLin acetonitrile as solvent.

polymerization of epoxides and other monomers. Mechanistigontaining coordinated CHO, such as [Fe(MegRHO)2*
studies by several groups have established key features ghd [Fe(MeCN)(CHO)J?*, become increasingly abundant
the solution photochemistry of these mixed-ring sandwichat the higher epoxide concentrations. However, no products
complexes[50]. The proposed mechanism corroborated bycontaining more than one epoxide molecule are observed, even
Amster proceeds by ligand field photoexcitation inducingat the highest CHO concentrations used in the experiments.
loss of arene to produce [CpFegl). The irradiation of an  This result indicates that CHO cannot compete effectively with
acetonitrile solution of [CpFebz]in the nanospray tip of acetonitrile for coordination sites on the metal center. Photolyz-
the ESI source yields two major series of ionic productsing [CpFebz] and CHO in the poorly coordinating solvent,
[CpFe(MeCN)_3g* and [Fe(MeCNj_¢]**. The first series 1 2-dichloroethane, resulted in a much richer assortment of
results from the photoinduced release of benzene from thgroducts. They detected half-sandwich complexes of general
parent complex (Eq. (1)), while the second series reflects thrmula [CpFe(HO)(CHO)_5]*, as well as fully ring-deligated
subsequent thermal disproportionation of the half-sandwicltomplexes of general formula [(@)Fe(CHO)_15%* (with
product Scheme B From the experimental data, a lifetime of transit time of 50ms). A chemically reasonable descrip-
95ms for [CpFe(MeCNj* in room temperature acetonitrile tijon of the structures of ions such as HB)Fe(CHO) )%,
was derived. Irradiating [CpFebz]in an MeCN solution  [Fe(CHOY]?*, and [CpFe(CHQJ* involving a growing
containing up to 400 mM cyclohexene oxide (CHO) yielded thepolymer chain bound directly to the metal center (detected as
same products observed in the pure solvent. In addition, specig@g, Scheme pwas suggested. However, no further studies have
been made to confirm this suggestion.Stillman and co-workers
[51] reported the direct measurements of the products following

* the photooxidation and photoreduction of a metallophthalo-

<

h o i . .
L v CoFellll + © ) cyaniner-ring. ESI-MS was used to detect the anion zinc(Il)
Q (1,4,8,11,15,18,22,25-octafluoro, 2,3,9,10,16,17,23,24-
octaperfluoroisopropylphthalocyaninechloride,
m/z199 [ZnperFs4Pc(=2)(Cl)]~ and itsw ring anion radical species,
2CpFe(l); — Fe(L); + CpsFe (2) [ZnperFs4Pc(—3)(Cl)]>~. The anion radical species was then
photooxidized as a sacrificial photoinduced oxidizing agent
“+ Q using CBg to produce [ZnpergPc(—2)(CI)]>~. The complete
" ’ ke, reaction cycle was detected directly by ESI-MS, and reaction
/FT\O times of some minutes are providesicheme Y.
n 4. Electrochemical reactions [9]
14
detected species Lev and co-workers studied the electrochemical oxidation

P o .
Scheme 6. Iron-containing produtt detected in photolyzed solutions of of N,N'-dimethylp-phenylenediamine (DPD) in aqueous elec-

[CpFebz] (0.041mmol =) and cyclohexene oxide (CHO, 40mmott) in  trolyte using the reactor depictedFig. 6 [38] The competitive
1,2-dichloroethane employing the microreactor depictegidn 5. paths of the reaction mechanism include the parallel coupling

[Zn"Pc)[CIT + NyHg.H,0 + hv —> [Zn"Pc®|[CIT2+ hydrazine radical products ~ (3)

[zn"PcICITT2+ CBr, + hv » [Zn"Pc?[CIT+ Br + other radical products ~ (4)

Scheme 7. Proposed mechanism of photoreduction (Eq. (3)), and photooxidation (Eqg. (4)) of zinc phthalocyanine.
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Scheme 8. Lev's on-line electrochemical-MS studies of the mechanism of oxidatistivetlimethylp-phenylenediamine (DPD, 5.0 mmotil) in aqueous
electrolytes (0.1 mol L£1).

reactions of unreacted DPD with quinonediimine, the first pathgco-workers[54] monitored the reaction by ESI-MS and ESI-
and quinonemonoimine, the second path. The latter is formeMS/MS using the own syringe as the reactional medium. A
by hydrolysis of quinonediimine. The basic transformations ofbicyclic iminium ion intermediate35" was proposed to par-
DPD (compoundl5) are depicted irScheme 8The authors ticipate in the reaction§cheme 1f, but both reactan33 and
mentioned that products were detected after passing througiroduct34 were neutral molecules. These neutral species were,
the reactor, where just chemical processes occurred, due to thewever, expected to be in equilibrium in solutions of protic sol-
relative multistage chemical coupling reactions. If the chemvents such as methanol with their protonated forms. Therefore,
ical reactions did not undergo in the flow cell, two electronsESI could transfer both reactants and products to the gas phase
could be removed from each DPD molecule entering the cellas M/ + H]* species for MS analysis. Even an unfavored equilib-
which would result in a complete transformation of DPD into rium was helpful considering the exceptionally high sensitivity
quinonediimine. of the ESI-MS technique. First was performed the ESI-MS mon-
itoring of the reaction of iod@-enamino-ester83a—c with
EtzN as the base. lodp-enamino-ester83 (1.0 equiv.) and
EtzN (1.0 equiv.) were mixed in 1:1 toluene/methanol (2 mL)
at 25°C, and the reaction was monitored by ESI-MS. Note

5. Organocatalyzed reactions
5.1. The Baylis—Hillman reaction

Using electrospray ionization mass spectrometry in both
the positive and negative ion mode, Eberlin and co-workers

. . . . . \/CO2Me
[52] monitored on-line the Baylis—Hillman reaction perform-
ing the reaction in the own syringe as the reactional medium E\>_CHO — 20 i >\2L0020H3
(Scheme ¥ The proposed intermediates for the catalytic cycle
of the Baylis—Hillman reaction26—32, Scheme 1Pwere suc- 27a 8a
cessfully intercepted and structurally characterized for the first S COsMe OH
time using electrospray ionization with mass and tandem mass . CO,CHy
spectrometry. They also collected strong evidence for the cur- /©/ —_—
rently accepted mechanigs3]. O,N a O,N

28b

5.2. Ring contraction reaction
Scheme 9. Baylis—Hillman reactions monitored by ESI(+)-MS/MS. Reagents

and conditions: (a) aldehyde27a,b) (0.027 mmoll-1), DABCO (26)
Looking for experimental support to validate the mEChar"S”'[O 018 mmol L=1), and methyl acrylate29) (0.035 mmol L-1) in MeOH at room
of ring contraction for the reaction i8cheme 11Eberlin and temperature.
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Scheme 10. Mechanism of Baylis—Hillman reaction of methyl acrylate and aldehydes catalyzed by DABCO. The protonated species expected ttetamdercep
structurally characterized by ESI(+)-MS/MS, with their respectiveratios (flow rate of analysis 0.01 mL mif).

that even when anhydrous HPLC-grade solvents were used, Homogeneously transition metal catalyzed reactions

traces of water needed for the last hydrolysis step that y3dids

were likely present. Major ions were clearly detected by ESI-6.1. Alkynilation of tellurides mediated by Pd(II)

MS, corresponding t33a, the protonated reactard3a + H]*
of m/z 386, intermediat&5a* of m/z 258, and the protonated
product B4a+H]" of m/z 276. Likewise for33b and33c, the
protonated reactanB3b + H]* of m/z 400 and B3c+H]* of
mlz 416, the intermediate3Sb* of m/z 272, and35c¢* of m/z
306, and the final protonated producsaly+H]* of m/z 290

Under palladium dichloride catalysis, vinylic tellurides cou-
ple efficiently with alkynes with retention of the double-bond
geometry. Looking for experimental support to validate the cat-
alytic cycle proposed for this reaction, Eberlin and co-workers
[55] decided to investigate the coupling reaction of vinylic tel-

and B4c+H]* of m/z 306 were clearly detected. The detectedlurides with alkynes promoted by PdCby means of mass
cations, as shown by continuous ESI-MS monitoring, were thepectrometry techniques. It was applied ESI to “fish” Pd- and

same from 1to 60 min of reactioBcheme 18ummarizes agen-

Te-containing cationic intermediates involved in the reaction

eral reaction pathway showing neutral and protonated reactantiescribed inScheme 13directly from the reaction medium
and protonated products, as well as the key bicyclic iminiunto the gas phase for ESI-MS and ESI-MS/MS analysis. Reac-

ion intermediates35a—c* (with their respectivem/z ratios)

tion of telluride 36 with alkyne 37 was performed according

that have been intercepted and structurally characterized by Scheme 130 give 38. The reaction mixture was electro-

ESI-MS(/MS).
OEt Et;N EtO \\“\k
I | toluene
N reflux /,
R ‘NHR

33a (R= Ph, 72 h) 34a (73%)
33b (R=Bn, 24 h) 34b (85%)
33c (R= p-MeOPh) 34c (77%)

Scheme 11. Ring contraction reaction.

sprayed via the ESI source operated in the positive ion mode
[56]. The reactional mixture was stirred for 1 h, the mixture
gave a number of ions that were attributed to the species
shown inScheme 14The isotopic pattern of all ions matched
the calculated ones for the suggested species, in particular
for those containing the multi-isotope elements tellurium and
palladium.

The most relevant data for the validation of the proposed cat-
alytic cycle was the detection of three Te and Pd-containing
cationic complexes39 of m/z 717, 40 of m/z 499, and41
of mlz 627. lons39 and 40 were suggested to be formed by
solution ionization of the neutral species LnPgCihhat is,
LnPdCb — LnPdCIF + CI~. Cations analogous t39 and 40
have been suggest§b,57]using NMR and cyclic voltamme-
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Scheme 12. Mechanism probed by ESI-MS for ring contraction reaction of gegttamino-esters. The screening was performed wW3age (1 mmol), EgN
(1 mmol) in toluene/methanol (1:1, 20 mL) at a flow rate of 0.0l mLnlin

try in reactions where ArPdcomplexes were postulated. The ized, but a proposed routeda involves40 in a ligand exchange
cationic intermediates were characterized by ESI(+)-MS/MSprocess: that was, exchanged3sfby [36 +Bu]* and further
experiments. lod0 of m/z 499 dissociated by the loss of neutral association with neutral HC1 present in the reaction medium.
butene to yield the hydride Te complexmfz 443 and then by  The specie39 and40 are Pd—styryl complexes that can undergo
loss of phenylacetylene. The intermediditeof m/z 627 decom-  B-hydrogen elimination to yield PFECH. However, this acety-
posed mainly by neutral loss of @d-CH=CHPh to form an lene was not observed as a byproduct in the coupling reaction. It
ion of m/z 327, which dissociated further by sequential loss ofis known that cations such as'LiAg*, and TI can inhibit such
HC1 36H" of m/z 291) and butanen{/z 233). The ion39 of  B-hydrogen eliminationgs8]. It is also known that cation asso-
mlz 717 showed characteristic CID pathways: loss of ne@tial ciation @0 — 41) enhances the solubility of metal complexes
(PhCH=CHTeBu) gave an ion afi/z 431. The ion ofm/z 499  [59]. Organocopper cluster intermediates were also identified by
further dissociated to an ion af/z 341. Herein, by ESI fish- ESI-MS and characterized as alkynylcopper species by charac-
ing of 39 andd40 in their cationic forms was suggested to exist ateristic Cu isotopic patterns and ESI-MS/MS structural analysis.
solution equilibrium between these two species in the palladiunAn expanded catalytic cycle for the coupling of vinylic tellurides
insertion process. It was also suggested BuTeCl to act as a ligamdth alkynes catalyzed by palladium dichloride was proposed as
that could stabiliz89, which may be formed by coordination of depicted inScheme 14
two styryl butyl tellurides to PdGlfollowed by transmetalation.
Since the relative intensity of the catior#® and40 remained  6.2. Heck reaction
nearly constant during up to 36 h of reaction, as shown by con-
tinuous ESI-MS monitoring, the ligand exchange equilibrium  The Heck arylation with arenediazonium salts was stud-
betweerB9 and40 is likely dynamic. The mechanism in which jed by Eberlin and co-workers through ESI-MS tandem mass
the cationic41 is formed was not so straightforwardly rational- spectrometry experiments. The group detected and structurally
characterized the main cationic intermediates of this catalytic
cycle directly from solution to the gas phag®]. They pro-

posed a detailed catalytic cycle of the Heck reaction with
PdCl, (10 mmol%)

_ CuCly (2 mmol) = arene diazonium salts on the basis of the results obtained
Ph TeBu CsHyy————H, (37) Ph \ from ESI experiments using alked& as example, as depicted
36 38 in Scheme 15
Et3N (4 1),MeOH, r.t. .
(1mmol) oM (4 mmol) MeOr Catin Roglans and co-workefé1,62]also studied the Heck reac-

Scheme 13. Coupling of vinylic tellurides with alkynes catalyzed by pdeti  tion of arene diazonium S?Its _usin_g a palladium(0) complexes of
CuCh. 15-membered macrocyclic triolefines.
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120, + 2 HCI
2 CuCl
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P Ph ":Fe\ Bu
— Cl—Ppd
Ph
\ el —
¥ Gy D Wam P TeBu
Ph TeBu —~ BuT I:’d
—_ , Te--
(D) Ph Pd Pd-Cl |
O S
\\ X 39
CsHyy
CuCly = BuTeCl

R PdCI
CsH —C O
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[Cu(Cy1Hs)g + 2H]*

BuTeTeBu + BuTeCl
2 HCI PdChL -
Et;N CuCh 2
CsH—=—H + CuCh BuTeBu BuTe(0)Cl
37 + Te° +2 HCl

Scheme 14. Expanded mechanism based on ESI(+)-MS tandem MS/MS experiments for the rea6ti@ri@imol L-1) with alkyne37 (0.11 mmot? to give38
using PdG} (0.01 mmot 1) and CuCs (0.2 mmol 1) in the absence of an inert atmosphere.
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_Pd_
H™+ ~NCCHj OCHs
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HCONPSr ( ) NCCHg .
\ O P ligand exchange
o “dba <
© olefin insertion CHACN
H3CO H3CO H3CO

m/z558 I m/z 488

Scheme 15. Proposed catalytic cycle of the Heck reaction with arene diazonium salts.
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Scheme 16. Pd-catalyzed reaction (Qu2iol L—1) of pyridyl halides43 (8.9 umol L~1) with phenylboronic acidd5a—c (5.48umol L~1) after dilution with MeOH
for analysis.

6.3. Suzuki reaction and [(pyr)Pd(PP§)2]" (44b). Additionally, diarylPd(Il)
[(pyrH)(R'IR?CgH3)Pd(PPhB),]*  (46) and  arylPd(ll)
The Suzuki coupling reaction of pyridyl halidd3  [(RIR?CgHs)Pd(PPh)2]* were observed in the ESI mass
with phenylboronic acidst5a— was studied by Aliprantis spectra. Few years later, some new results were published
and Canary $cheme 1p [25]. They performed off-line by Roglans and co-workers on ESI-MS investigation of
ESI-MS investigation, identifying pyridylpalladium(ll) com- Pd-catalyzed self-coupling reaction of areneboronic acids
plexes as the cation species [(pyrH)Pd(PRBI]™ (44a) [26,63]

0 (0]

J oo

0 R
X
O &7 P P“
(M 48a
N
Pl “pdL,

" .
PdL, O
y \/ \/3
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oTolbP N d':;' NMe, Ph K(d? s Me Ph., KCd'i
/T Me,N PPh, R = bis-3,5-trifluoro-methylphenyl Me,N PR,
R = 3,5-dimethyl-4-methoxyphenyl
50 51 52 53 54

Scheme 17. Simultaneous screening of a mixture of five Pd catalysts (0.1 mfqérformed by Pfaltz. Compound8a,b were used as pseudoracemates in
solution as inferred by authors that methyl and ethyl groups afforded no great differences in the reactivity of allyl groups toward Pd spedieg asogso she
same reactivity behavior for both.
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6.4. Allylic substitution reaction based onthe ligand &3 >52 > 51 = 50 = 54, being the complex
with ligand 53 the most selective catalyst. The group proposed
Markert and Pfalt{64] applied ESI-MS technique for paral- that the technique may be used with unlimited number of cata-
lel screening of Pd-catalyzed enantioselective allylation reactiotysts in the screening simultaneously, as long as the signals do
of diethyl ethyl malonate with allylic esters. Enantiodiscrimi- not overlap.
nation of a palladium catalyst with different chiral ligands was Roglans and co-workef§5] also studied the substitution of
studied by ESI-MS. In the catalytic cycle propos8difeme 1y,  allyl acetate by acetylacetone in presence and absence of Pd
the first step is the formation of Pd—allyl complexesndB is  catalyst by ESI-MS.
fast, while the second step, nucleophilic addition to the allylic
system to give product¢9a and49b, is slower. The cationic 6.5, Lewis-catalyzed additions
intermediatesA andB were observed in the ESI-MS spectra.
The ratioA:B was inferred as the catalyst ability to discriminate  Ricci and co-workerg66] studied oxazoline moiety fused
between two enantiomers with two different alkyl groups at thewith a cyclopentg}]thiophene as ligands on the copper-
para position of the aryl group (Ar=4-methylphenyd8a and  catalyzed enantioselective addition obF to chalcone. The
4-ethylphenyl ind8b). Five different catalyst precursors were structure of the active Cu species was determined by ESI-MS.
tested with different stereoselectivity in homogeneous solutiofEvans et al[67] studied G-symmetric copper(ll) complexes as
containing pseudoracematga,b and the anion of diethyl ethyl ~ chiral Lewis acids. The catalyst-substrate species were probed
malonate as nucleophiles. Allthe 10 Pd-allylintermediates wergsing electrospray ionization mass spectrometry. Comelles and
observed in the ESI-MS screening after 2 min of reactional timeet al. studied Cu(ll)-catalyzed Michael additiongedlicarbonyl
A selectivity order was proposed from the ion intensities ratiocompounds to 2-butenone in neutral mei@ia]. ESI-MS stud-
ies suggested that copper enolates obtfticarbonyl formed in
situ are the active nucleophilic species. Schwarz and co-workers

HO.C investigated by ESI-MS iron enolates formed in solutions of
iron(lll) salts andp-ketoesterg69]. Studying the mechanism
N (“) + TBHP of palladium complex-catalyzed enantioselective Mannich-type
j o VS okt reactions, Fujii et al. characterized a novel binuclear palladium
EtOH enolate complex as intermediate by ESI-T8].

55
55 - H]~| m/z 366
i [ ] LI 6.6. C-H activation and hydrogenations
HO,C Chen and Gerdd§ 1] performed a combination of ESI-MS

HO,C and kinetic studies in the tbicatalyzed H/D exchange, and Ir-
based hydrogenatiofig2]. Noyori used ESI(+)-MS to intercept
_N\(.j/o {96 the active species of the asymmetric hydrogenation reaction of
YV~ —=N_n /!
do &° do/V\O’Bu
57 ‘Bu foX
[57 - HI,|.m/z 41OI [59 - HJ, @I Amino acid ﬁ» Oxidized Products

Hx0 Ho ? 7\ _He Q
HO C-GH-C-OH ——= HO—, ~CH-C-OH
H*/Br~ NH, HO NH,
Tyrosine [Tyr+ O+ HI", |m/z 198|
HB Br Br. H Q o) o]
= Br. 2
2 3 %C‘(PH-&-OH — Qb_gig_&_OH
m/z 237' N NH, 'I\‘HQ
H NHCHO
Triptophane [Trp + 20 + HJ', m/z237|
(@]

r/N Hp Q Q Hy
H OH k) CGH-C-OH = H—N-G-N-G-C-CHC-OH

o A Histidine [His + 30 + HJ*,[ m/z 204

56
trans:cis= 2:1
H c—s—HZ—HZ—CH 2 — H c—s—Hz—HZ—CH 2
Scheme 18. Schematic presentation of reaction cycles leading to the forma- s cc NH C-OH s 3 c¢ H C-OH
2 2

tion of 2-(bromomethyl)-5-phenyltetrahydrofurad8j from TBHP, pyHBr,
I-phenyl-4-penten-I-01%6), via vanadium(V) compound&? and59. The solu- Metionine [Met + O + H", m/z166|

tions were diluted with CEICN before analysis to a final concentration of
1.0mmol L1, Scheme 19. Ozone oxidation products of amino acids screened by ESI(+)-MS.
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| ... PhlO or NaOCI My . X = PFg
[Mn"(salen)]” X [Mn*(salen)]” X decomposition
m/z 599' m/z 615 EtOAc
X =Cl, PFg X =Cl
CH,Cl,
*CH,CI X = Cl, PFg *CHCl, cl
(0]
|CI X=Cl (I)CI cl)H ﬁ TFA c
= - +
[Mn"(salen)]* OCI === [Mn"(salen)]" X' [Mn"(salen)]" X —FX> [Mn"(salen)] ————= C|)CIVCF3 )
[Mn"(salen)]* X
m/z 634 I m/z 650' m/z 616 m/z712
Phl adduct{ m/z 854 X = OH, CF5CO,

Scheme 20. Mechanism proposed for formation of the variou¥ Momplexes.

acetophenone with chiral Ru-complex to giRg-phenylethanol
in 82%e [73].

6.7. Oxidations

The (Schiff base)vanadium(V) complé$§ with tridentate
imine auxiliaries acts as catalyst for the oxidation of Bvith

active brominating reagent. The reactivity ref¢-butylperoxy
complex57 was explored by ESI-MS analysis of solutions that
were obtained by mixing (Schiff base)vanadium(V) com@gx

in CH»Cl,/CH3CN with TBHP and py-HBr, and an intense ion

of mlz 237 was observed in the negative ion mode, and assigned
as B~ ion. Further ions detected in this experiments orig-
inated from [VOLg(OH)—H]~ (m/z 338), [VOLg(Br)2]~ (m/z

tert-butyl hydroperoxide (TBHP) in non-aqueous solvents. The480), and [\bO3(Lg)2Br]~ (m/z 739). In the positive ion mode
principal objective of this study performed by Hartung and co-ESI spectrum of this sample pointed to the formation of the fol-
workers[74] was associated with the search for an adequatéowing cations: [PyH;Br]* of m/z 239, [VOLgpy]" of m/z 401,
combination of bromide source and primary oxidant that wouldV 203(Lg)2H]* of m/z 661, and [\, O3(Lg)2pyH]* of m/z 740. It
reduce the inherent propensity of (Schiff base)vanadium(Vshould, however, be noted that these cations were also detected

complexes in the presencerefr-butyl hydroperoxide (TBHP)

from a solution of55 and pyHBr in CHCl2/CH3CN without

to convert alkenols56) directly into hydroxy-functionalized TBHP.

tetrahydrofuranss8) [75]. Reactivity-selectivity studies on the

The authors proposed the mechanism of the new method for

vanadium(V)-catalyzed oxidation of bromide were investigatedoromocyclization of alkenols proceeding in three decisive steps
through ESI{)-MS" in order to interpret crucial steps in the as depicted irScheme 18In the first step, TBHP binds to a
process such as peroxide activation and the generation of anadium(V)-based catalyst to furnish the corresponding-(

NO,
0 MeNHOH
/,
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O MeOH/H,O
60 /2 oy oN OH)
p , Na
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Y
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9
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&
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Scheme 21. Mechanism for the reaction of MeNHOH a@grobed by ESK-)-MS experiments, which corroborated kinetics studies.
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butylperoxy)(Schiff base)vanadium(V) complex (e5f). The  complexes was for the first time isolated and characterized by
activated peroxide is considered to be the oxidant for the conFeichtinger and Plattner through ESI-MS studi&s|.
version of Br into Brp, which then serves as a brominating  Adam et al. have characterized [Mifsalen)] complexes
reagent for the subsequent bromocyclization of alkenols in &y ESI-MS/MS[82]. The group proposed thats- andtrans-
third vanadium(V)-independent step. epoxide formation followed separate pathways, and the possibil-
Smith and co-workel§ 6] studied the system I,4,7-trimethyl- ity that the reaction mixture had multiple, rapidly equilibrating
1,4,7-triazacyclononane (TMTACN), MnS@and HOs, inbasic  oxidizing species, each of which preferentially followed one of
agueous acetonitrile, and reported it was an effective system fdine reaction pathways could not be excluded. Herein, they sug-
the epoxidation of cinnamic acid. They used ESI(+)-MS to detecgested a bifurcation step in the catalytic cycle to account for the
the manganese complexes, ligand and ligand oxidation productdependence of the diastereoselectivities on the oxygen source
and ESI{)-MS to detect also the substrates and their oxidatioras depicted irscheme 20 [82h]
products.
Iltoh and co-workerqd77] used ESI to identify a diiron 7. Miscellaneous
complex of binaphtol-containing chiral ligand in the catalytic
oxidation of alkane withn-CPBA to the corresponding alco- 7.1. Nucleophilic substitution reactions
hols. O'Hair and co-worker$78] reported an example that
involves the oxidation of methanol to formaldehyde in the gas Eberlin and co-worker$83] have probed the mechanism
phase using binuclear molybdenum oxides, fdg(OH)]~ and  of nucleophilic substitution reactions of methylated hydrox-
[Mo,0s(OH)]~, as catalysts and nitromethane as the oxidant. ylamines, hydrazine and hydrogen peroxide witix(2,4-
Aqueous ozonation of the 22 most common amino acids andinitrophenyl)phosphate (BDNPP). The group used ESI-MS in
some small peptides were studied through electrospray masise screening of the reaction by fishing ionic intermediates and
(ESI-MS) and tandem mass spectrometry by Eberlin and cosroducts directly from solution into the gas phase, and the key
workers[79]. After 5min of ozonation only histidine, metion- intermediates were fully characterized by ESI-MS/MS exper-
ine, triptamine, and tyrosine formed oxidation products clearlyiments. Based on the ESI-MS(/MS) results, NMR and kinetic
detectable by ESI-MSScheme 1P data, and the results on the reaction of XtHH with BDNPP, it
was concluded that there was both aromatic substitution, gener-
ating DNPP62, and63, and initial phosphorylation of the OH
group of NHMeOH by BDNPP%cheme 21Fig. 9). The latest
One of the most elegant methods for the selective formatiogenerates dinitrophenyl oxide (DNP), forming intermedédte
of C-0O bonds is the catalytic Jacobsen-Katsuki epoxidationwhich breaks down slowly by two distinct pathways: (a) aro-
the enantioselective synthesis of optically active epoxides bynatic nucleophilic substitution described above, givédgand
oxygen-transfer reactions with chiral, non-racemic manganeses, or (b) spontaneous rearrangement where the terminal NHMe
oxo salen complexes. These complexes have been suggestgdup attacks the dinitrophenyl moiety to form a transient cyclic
as the catalytically active species in epoxidations catalyzeileisenheimer comple&6, as for reaction with NHOH [84].
by metal-salen and porphyrin compleX{@0]. One of these This complex66 rapidly ring opens, giving4 as a long-lived

6.8. Epoxidation
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Fig. 9. ESI-MS spectrum of the reaction mixture of 0.01 mot IBDNPP with 0.1 mol =1 NHMeOH, in aqueous methanol (50%, v/v) at pH 10.
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Scheme 22. Differentiation of the isomeis(a) andé4 (b) by fragmentation pathways (MS/MS experiments). The isa@hém/z 292) was proposed to achiegé
(mlz 292) through a Meisenheimer complex intermediate.

product as through a mechanism proposeficgheme 21lonic  tion, for a variety of compounds and is likely to find applications
intermediate$1 and64 (Scheme 2)Jlare isomers, and their rel- in many areas, most particularly in organic synthesis screening
ative amounts and therefore the ESI-MS/MS of the ionsfaf  and searching for new catalysts.

292 changed drastically with time. Samples taken after 10 min

of reaction in solution $cheme 2@)) showed that these ions
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