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The application of on-line mass spectrometry for direct analysis of chemical and other

types of process continues to grow in importance and impact. The ability of the

technique to characterize many aspects of a chemical reaction such as product and

impurity formation, alongwith reactant consumption in a single experiment is key to its

adoption and development. Innovations in ionization techniques and mass spectrom-

etry instrumentation are enabling this adoption. An increasing range of ambient

ionization techniques make on-line mass spectrometry applicable to a large range of

chemistries. The academic development and commercialization of small footprint

portable/transportable mass spectrometers is providing technology that can be

positioned with any process under investigation. These developments, coupled with

research into new ways of sampling representatively from both the condensed and

gaseous phases, are positioning mass spectrometry as an essential technology for on-

line process optimization, understanding and intelligent control. It is recognized that

quantitative capability of mass spectrometry in this application can cause some

resistance to its adoption, but research activities to tackle this limitation are on-going.
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1 | INTRODUCTION

Off-line gas chromatography-mass spectrometry (GC/MS)hashistorically

been used for the monitoring of chemical reactions; however since the

invention of thermospray, and subsequently electrospray, liquid chroma-

tography-mass spectrometry (LC/MS) has become the technique of

choice for off-line reaction monitoring. Though both of these techniques

can produce significant knowledge, there aremany advantages to on-line

analysis. In 2005 Daniele Fabris summarized many of the key mass

spectrometric approaches for the investigation of dynamic processes in

the condensed phase.1 The review discussed off-line sampling, quantita-

tion, and kinetics (both off-line and on-line) and the characterization of

impurities and intermediates. Of particular interest to us, and of great

relevance to our own research in this area, was the discussion of

continuouson-linemonitoringusingmassspectrometry (MS). Itwasnoted

that this approach has a number of advantages over off-line sampling and

analysis. These include the ability to characterize unstable reaction

products that may not survive sample manipulation. Fabris made

reference to the approaches by Dell’Orco and Brum who continuously

monitored by sampling small volumes of reaction mixture into a constant

Abbreviations: APCI, atmospheric pressure chemical ionization; API, active pharmaceutical

ingredient; API, atmospheric pressure ionization; ASAP, atmospheric samples analysis

probe; DAPCI, desorption atmospheric pressure chemical ionization; DART, direct analysis

in real time; DESI, desorption Electrospray; DLSMS, direct liquid sampling mass spectrome-

try; EASI, easy ambient sonic-spray ionization; EDTA, ethylenediaminetetraacetic acid;

EESI, extractive electrospray; ESI, electrospray; EI, electron ionization; FAIMS, high-field

asymmetric waveform ion mobility spectroscopy; FAPA, flowing atmospheric-pressure

afterglow; FIA, flow injection analysis; GC, gas chromatography; HPLC, high performance

liquid chromatography; iESI, inductive electrospray; IM-MS, ion-mobility mass spectrome-

try; LTP, low-Temperature Plasma probe; MIMS, Membrane Inlet Mass Spectrometry; MIR,

mid-infrared spectrometry; OLEMS, on-line electrochemical mass spectrometry; PATI,

paper assisted thermal ionization; PSI, pressurized Sample Infusion; PTR, proton Transfer

Reaction; RAFT, reversible addition-fragmentation chain transfer; SNOBFIT, stable noisy

optimization by branch and fit; UASI, ultrasound-assisted spray ionization; V-EASI, venturi

easy ambient sonic-spray ionization.
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flow of a carrier solution compatible with MS.2,3 This approach has

influencedourownresearch,whichbuildsonthesestudiesbyemployinga

number of new generation commercially available small footprint mass

spectrometers.4–6 Suchdevices are advantageous for the development of

on-line MS, as they allow the mass analyzer to be easily co-located with

the reaction system or process that is to be studied.

This review builds on that from Fabris in 2005, by describing the

further development ofMS approaches for the direct investigation of a

variety of dynamic processes, with a particular emphasis on the

application of small footprint and transportable mass spectrometers.

The introduction of many new ambient ionization techniques has

aroused much interest for reaction monitoring; and these will be

discussed for both off-line and on-line monitoring. In this review we

focus on reactions to form a co-valent bond and not ion-molecule

association reactions or protein—drug/protein-protein interactions.

Monitoring using off-line chromatography interfaced to mass spec-

trometry or other off-line techniques (eg, matrix assisted laser

desorption-ionization (MALDI)) are also out of scope for this review.

2 | INSTRUMENTAL AND SAMPLING
DEVELOPMENTS

2.1 | On-line electrospray ionization of the
condensed phase

As an established technique, electrospray ionization (ESI) has received

significant attention for on-line MS applications when coupled to a

range of reactor designs. Schroder has reviewed a number of examples

of the application of ESI-MS for mechanistic studies in catalysis

research.7 Importantly, Schröder highlights the link between solution

chemistry andwhat is observed in the gas phase by ESI; but also alludes

to the challenges of such an approach. These include the potential

effects of concentration range, solvation, pH, and electrochemical

processes (that occur during droplet evaporation) on the resulting MS

data and the subsequent correlation to the bulk chemistry that is being

studied. A further challenge when carrying out on-line ESI-MS is the

transfer of condensed phase samples from a reaction or process

system to the mass spectrometer for analysis. A variety of approaches

have been developed in an attempt to overcome this issue.

A number of groups have usedmicro-reactors for ease of interfacing

to on-line ESI; here two liquid streams are combined and the reaction

initiated.8–13The simplicity of a typical experimental set-up is illustrated in

Fig. 1B,where two flowsof reactants are combined in the reactorwith the

output passing to the ESI-MS system.14 In his account on the area,

Santos15has alsodiscussed the informationon reactionmechanism that is

provided by ESI-MS and highlighted this with a number of examples

including the on-line coupling of amicroreactor to an ESI source to screen

a Ziegler-Natta polymerization. Continuous on-line monitoring of

reversible addition-fragmentation chain transfer (RAFT) polymerization

and single unit monomer insertions have been monitored on-line and in

real time by combining ESI-MS and a microreactor.16

The adoption of continuous flow chemical reactors has accelerated

over the past decade for reasons including (a) suitability for dangerous

reagents; (b) extremesof temperature; (c) easeof scale-up; (d)productionon

demand to precise quantities required; and (e) improved throughput.

Therefore, the direct analysis of products and impurities formed in flow

chemistry is essential and has been investigatedmorewidely using a variety

of approaches. Ley and co-workers used a switching valve to sample

aliquots from a reaction stream produced by a flow chemistry reaction,

passing them into amake-up flow to themass spectrometer.17 Bristowet al

adoptedasimilar approach,butusedanactive splitter (mass rateattenuator)

to sample and dilute the output from a flow reactor as shown in Fig. 1C.4

Bourne and co-workers used a four port micro-volume (0.06μL) sample

valve to sample from a continuous reaction (Fig. 1D). Atmospheric pressure

chemical ionization (APCI) was employed in the study as it was shown to

produce lower baseline noise and could be used at higher flow rates when

compared to ESI. The APCI-MS datawere shown to be equivalent to those

from HPLC/UV.18 These applications are described in more detail in the

section 4.2.

Many other innovative sampling approaches have also been

developed. Chen and co-workers directly sampled a reactant solution

using an ultrasonicator (Fig. 1E). This approach provides sufficient

energy to transport the solution through a capillary and produces a

sonic spray into the mass spectrometer19,20 which is of particular use

for ultrasound-assisted reactions. Paz-Schmidt et al used a high

pressure of CO2 to enable a reaction to proceed and also to drive the

reactants through a capillary, where it is mixed with an electrospray

solvent, before being analyzed by themass spectrometer.21 One of the

simplest sampling systems was described by Hsu et al, where gravity

was employed to transport reactants from a sample well (approxi-

mately 5 μL volume), through a capillary to an ESI source without the

requirements for a pump for the sample or a nebulizer gas for the ESI.22

This was used to monitor both chemical and biochemical reactions;

these included formation of chelation complexes, formation of

reaction intermediates, and also protein conformation changes.

Cooks and co-workers have described the application of inductive

electrospray ionization (iESI) for on-line reaction monitoring and

mechanistic studies.23 In this method, a positive potential is pulsed

repeatedly toproduce transient strong fields in thespray solution, resulting

in the emission of charged droplets in bursts. The experimental set-up for

inductive electrospray is shown in Fig. 1F. The reaction solution is

transferred to the spray tip by a capillary under positive gas pressure

(helium). One of the key advantages of this approach is the tolerance to

matrix and salt effects. The experimental configuration was used to

characterize three reactions of pharmaceutical relevance; reductive

amination, Negishi cross coupling and a heterogeneous Pd/C catalyzed

hydrogenolysis.Thesystemwasusedtocontinuouslysamplealiquots from

the reactor allowing dynamic changes in the system to be followed (Fig. 2).

In further studies, the Cooks group have described the application

of iESI to study the synthetic route of anagliptin. As a bench-top linear

ion trapmass spectrometerwas employed for the study, on-line tandem

mass spectrometry (MS/MS) was used to characterize chemical species

in the reactionmixture (impurities and by-products).24Meher and Chen

adopted a similar approach, but used the high electric field of the mass

spectrometer to polarize droplets of reactant solutions and generate an

electrospray from the droplet.25
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Yang and colleagues have fabricated a novel in-situ nanoelec-

trospray device for high throughput screening of enzymes and

real-time monitoring of enzyme catalyzed reactions.26 A capillary is

simply inserted into a liquid system, and with the high voltage applied,

analytes in the liquid reaction system are transferred from the solution

and ionized. Analytes are extracted from the liquid by capillary action;

these have included saccharides, amino acids, alkaloids, peptides, and

proteins. A high throughput version of the experiment has been

developed with several narrow mouthed bottles held in a water bath

and individual spray capillaries in each. The water bath is mounted on a

rotation stage and simple rotation of the set-up brings each capillary to

the MS inlet.

FIGURE 1 Examples of sampling techniques for on-line mass spectrometry
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McIndoe and coworkers report the use of PSI for on-line

monitoring of reactions.27 PSI involves placing the reaction vessel

under a slight overpressure (1-3 psi) of a reaction compatible gas to

force the sample through an outlet teed into a diluting solvent. This

setupwas shown to be effective for themonitoring of an acid catalyzed

Pbf deprotection of an amino acid, with the technique able to monitor

starting material and products over the length of the reaction, with the

exception of a short delay after t = 0 for sample loading.

Using the PSI apparatus, McIndoe and coworkers have conducted

studies of a number of other reactions, with a particular focus on air and

moisture sensitive reactions, towhich thePSI setup isparticularly suited.

This has also been used in conjunction with FTIR for the monitoring of

reactions involving catalysts, the focus of much of theMcIndoe group’s

work. The hydroacylation of 1-octyne and 2-(methylthio)benzaldehyde

with a cationic rhodium catalyst is presented,28 with PSI used to track

the precatalyst, resting state, impurities, an intermediate and catalyst

decomposition products. The wide dynamic range of the technique

shows itself particularly amenable to the monitoring of complex

reactions such as those employing catalysts.

2.2 | MIMS

As discussed by Fabris and reviewed by other groups, MIMS has

previously been used for studying reactions, but was limited by the

applicability of electron ionization (EI) and chemical ionization (CI) to

volatile analytes.1,29,30 Fabris commented that the applicability of

MIMS was also limited by the slow response times as the analytes

permeate through the membrane, such that an incomplete picture of

the components in the reaction may be obtained. Despite these

limitationsMIMS has been shown to be of particular use formonitoring

a number of systems including fermentation processes.31,32

To broaden the applicability of MIMS, the use of a condensed

phase acceptor (capturing the sample in an ESI compatible solvent

system) has been investigated as it allows alternative ionization

techniques to be applied. Duncan et al have used a condensed-phase

membrane inlet mass spectrometry (CP-MIMS) interface, with

methanol as the acceptor phase for in-situ reaction monitoring of

the chlorination of phenol using electrospray ionization.33,34 The

experimental configuration is shown in Fig. 1A.

2.3 | Evolved gas analysis

Most research has been focused on monitoring the liquid (condensed)

phase of a reaction, however an understanding of any evolved gases

can be critical for process understanding and process safety. Pollien

et al used a proton transfer reaction (PTR) mass spectrometer to

monitor acrylamide being formed in the headspace of a Maillard

reaction.35 Luchner et al report the interfacing of a PTR mass

spectrometer to a bioreactor, for analysis of volatile organics in off-

gases, for bioprocessing monitoring and control.36 In their paper

reviewing industry perspectives on process analytical technologies for

application in active pharmaceutical ingredient development,37 have

FIGURE 2 Reaction profiles recorded using inductive electrospray-MS on-line reaction monitoring (Reproduced from,23 with permission
from Wiley-VCH Verlag GmbH & Co Inc ©2014)

568 | RAY ET AL.



discussed the application of MS to monitor CO2 formed during an

amine deprotection reaction, in order to understand and optimize a

chemical process. In the review, the application of MS is considered in

the context of other tools used as process analytical technology.

In an interesting approach,38 have described the combination of a

specially designed thermal vaporizer and a process magnetic sector

mass spectrometer (Thermo Electron Prima 600S). This was applied to

monitor the esterification of butan-1-ol and acetic anhydride. The

systemwas used to continuouslymonitor the batch reaction at 150mL

and 1 L scale. Liquid is transferred from the reactor to the vaporizer

with the mass spectrometer monitoring the resulting gas phase.

Concentration profiles were generated for reactants and products

from the MS data (Fig. 3).

The volatile products formed from electrochemical reactions have

been monitored by an on-line electrochemical mass spectrometer

(OLEMS), which uses a small inlet tip connected to the electrochemical

cell to allow only a small amount of gas to enter themass spectrometer

such that differential pumping is not required compared to previous

systems. The experimental set-up is shown in Fig. 1H.39 The volatile

products from electrochemical reactions have been studied using

OLEMS include reduction of NO,40 reduction of CO2
41 and methanol

oxidation.42 Due to the speed of analysis, theOLEMS technique allows

rapid screening of electrochemical method parameters.

3 | AMBIENT IONIZATION

The application of ambient ionization techniques to reaction monitor-

ing has attracted much attention, however many of these techniques

are most applicable to off-line analysis due to the difficulty in

presenting a representative sample of the reaction to the source on-

line. The many ionization techniques used in this application area have

been reviewed.43,44 As the ambient ionization techniques are very

extensive, a list of definitions can be found in the table of acronyms

included in this manuscript.

Cooks has also published an extensive review that describes the

use of various ambient ionization techniques (including DESI, ESSI,

DAPCI) to study reactions in confined volumes.45 Ambient ionization

was applied to themonitoring of a vast range of small scale reactions. It

is noted that reagents can also be included in the spray solvents to

allow rapid derivatization to accompany ionization. The review also

demonstrates that organic reactions often occur on an accelerated

timescale in ambient MS. Though the emphasis of the review was

chemical analysis, the isolation of the products of reactions for small

scale synthesis was also discussed. A specific example of the

application of preparative electrospray, a Claisen-Schmidt condensa-

tion, can be found in a publication by Müller et al.46

Rapid chemistry in the confines of an electrospray droplet, is a

potentially powerful tool for synthetic route evaluation. However, a

potential limitation of the use of electrospray droplets as accelerated

reaction systems is that the reaction profile may have a limited

relationship to the same reaction at a much larger scale. This limitation

and the advantagesof rapid synthesisdevelopmentand the efficiencyof

a combined reactor and analytical system have been investigated and

discussed.47 In this study the question of whether the droplet reactor

canbeused topredict chemical reactivity in flowchemistry (microfluidic)

systems has been discussed in detail and evaluated using several

reactions. The authors clearly recognize that it may not be possible to

transfer fully optimized reaction conditions from the droplet reactor to

microfluidic scale. Rather they view the approach as a rapid test of

possible synthetic pathways, predictive small scale synthesis.

3.1 | Off-line analysis

The use of DART for reaction monitoring and its applicability to drug

discovery was initially demonstrated for off-line analysis by dipping a

melting point tube into a reaction solution and analyzing.48 The further

application of DART to heterogeneous samples, which are difficult to

analyzewithout extensive sample preparation, has been shown by Cho

et al. They studied batch slurry reactions and used manual deposition

of liquid samples onto capillaries followed by automated sample

introduction.49 This technique produced RSDs of 6-30%, however

differences in spectra were observed for fully dissolved analytes and

for samples that were dried onto the capillaries.

A FAPA source has been used to monitor the formation of

methacathinone from pseudoephedrine by analysis of crude

reaction mixture applied to a glass slide to determine the efficacy

of two different reaction schemes.50 Petucci and Diffendal

demonstrated the use of ASAP for drug molecules and

highlighted that several compounds produced molecular ions by

ASAP but not by ESI or APCI. An advantage of ASAP was much

faster data generation when compared to the established solids

probe experiment on a GC/MS system; the applicability to

reaction monitoring was shown for the study of an N-methylation

of an indole reaction.51

3.2 | On-line analysis

Several investigators have reported the use of LTP to generate and

characterize highly reactive species on-line. These reactions have been

FIGURE 3 On-line monitoring of butyl acetate concentration
from the esterification of butan-1-ol and acetic anhydride,
comparison between off-line GC analysis, in-line MIR, and on-line
DLSMS (Reproduced from,38 with permission from Elsevier B.V
©2014)On
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shown to be particularly amenable to on-line monitoring by MS, as the

plasma may be directly analyzed without any additional ion source. Na

et al52 demonstrated this by monitoring the Birch reduction of

benzene, in which the headspace of benzene was passed through an

LTP and into an MS instrument for analysis.

Benassi et al53 investigated gas-phase reactions, such as imine

formation and Eberlin reaction. Ma et al also achieved direct analysis

by directing the plasma at a reactant solution surface which desorbs

and ionises the reactants before they are sampled into the mass

spectrometer.54

EASI uses a sonic spray of droplets to generate ions, with the

Venturi effect, used to transfer a liquid sample to the spray region

where the ionization occurs.55,56 demonstrated the use of this

technique for the monitoring of the Morita-Baylis-Hillman reaction,

showing capability to monitor a number of intermediates. It was,

however noted that solutions used should be as dilute as possible, as

the technique suffered from source contamination, an issue which also

limited the spray into the instrument to 3 s per minute.

Zenobi and co-workers have demonstrated the use of EESI on a

quadrupole time-of-flight (Q-TOF) mass spectrometer for a well-

established pharmaceutical process reaction (Michael addition). They

have also demonstrated a widely used acetylation reaction in the

presence of a nucleophilic catalyst, 4-dimethylaminopyridine

(4-DMAP).57 The experimental approach is illustrated in Fig. 1G.

EESI-MSprovided real-time information, allowing the determination of

the optimum time for terminating the reaction based on the relative

intensities of the precursors and products. In addition,MS/MS analysis

provided on-line validation of proposed reaction intermediates.

Figure 4A illustrates the approach by showing mass spectra recorded

for the Michael addition at three different time points, with

Fig. 4B showing the individual ion responses of various reactants

and products over time.

McCullough et al studied base hydrolysis of ethyl salicylate using

EESI.58 A key concern in modern pharmaceutical production is the

presence of potentially genotoxic impurities (PGI) during synthesis.

These are often difficult to monitor due to their often very low

concentration (ppm to ppb) relative to the active pharmaceutical

ingredient. The suitability of EESI for real-time quantitative monitoring

of these types of low-level impurity was assessed using terfenadine

solutions with codeine spiked in at low levels (1-10 ppm relative to

terfenadine) as a model PGI.

Though EESI’s potential has been demonstrated, Ma et al

commented that these approaches analyze only the headspace above

the reaction and therefore the spectra recorded may not be

representative of the bulk solution.43 The analysis of viscous liquids

by EESI has subsequently been demonstrated and overcame these

issues using micro jetting, to produce microdroplets, which are

representative of the bulk solution.59 Marquez et al used the

desolvating droplets in the EESI to study transient radical species in

an electron-transfer catalyzed dimerization reaction.60

Hsieh et al61 have developed a simple technique called contactless

API where one end of a short capillary is placed in a reaction vial, and

the solution flows through the capillary via capillary action to the end

acting as a spray emitter placed in the high electric field (−3 kV) of the

mass spectrometer. This technique was used to study Zemplen

deprotection reactions.

FIGURE 4 On-line EESI of a Michael addition reaction (A) mass
spectra at 20, 60, and 300min (B) traces of average signal intensity
for starting material, product and side product (Reproduced from,57

with permission from Wiley Inc ©2005)
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The transfer of a reaction mixture onto a paper substrate has also

received attention. Huang and co-workers used PATI to study reaction

intermediates where two reactants are deposited onto filter paper

positioned on a heated probe which can be used to provide heat for

reaction initiation.62 Liu et al used a steady flow of sub-microlitre

droplets, generated through a capillary tube and directed onto the

paper. This was then used to electrospray into the mass spectrometer

tomonitor the reactions.63 Themethodwas exemplified bymonitoring

the amine-aldehyde condensation reaction of butylamine and

benzaldehyde. Cheng and co-workers 64 used an novel approach of

irradiating the surface of an organic reactant solution mixed with

carbon powders using a pulsed UV laser. The energy is adsorbed by the

carbon and transferred to the solution resulting in desorption, the

analyte is then ionized by an electrospray plume.

3.3 | Microfluidics

The use of microfluidics for chemical synthesis offers the potential for

fast reaction times and low reagent usage. Traditionally, microfluidics

have been used with off-line analysis, but work by Fritzsche et al on

organocatalysis studying the Mannich reaction65 and Kirby and

Wheeler monitoring the Morita-Baylis-Hillman reaction66 used a

microfluidic platform interfaced to nanoelectrospray for on-line

analysis.

4 | MASS SPECTROMETRY INSTRUMENTAL
DEVELOPMENTS

4.1 | Ion mobility spectrometry-mass spectrometry
(IM-MS)

The examples discussed thus far have involved presenting the complex

reaction sample to the mass spectrometer without pre-separation of

the components. Such an approachmay lead to a lack of specificity, ion

suppression and these are arguably weaknesses of direct on-line

analysis. Therefore, as no pre-separation of individual components is

achieved, the subsequent separation of the ions formed from the

components by ion mobility prior to mass analysis could provide a

more complete view of a reaction system.

IM-MS has been investigated by a number of groups to provide

greater specificity for real time reaction monitoring. Harry et al and

Roscioli et al independently demonstrated ion-mobility mass spec-

trometry (IM-MS) for pharmaceutical process understanding.67,68

Roscioli et al applied IM-MS as a method for monitoring pharmaceuti-

cal reactions in real time and studied a reductive amination reaction

that is commonly used in the synthesis of amines for drug discovery.

This use of IMS in conjunctionwithMS provided information about the

reaction mechanism that would not have been possible withMS alone.

The study by Harry et al of the use of IM-MS for reaction

monitoring was applied to the direct, real-time analysis of the products

formed when 7-fluoro-6-hydroxy-2-methylindole is deprotonated by

sodium hydroxide. The results demonstrated that IM-MS can be

employed as a rapid means to analyze a chemical reaction, offering the

potential for real time reaction monitoring. The IM-MS approach has

been was shown to enhance selective visualization for the analytes

compared with MS alone, as a direct result of the orthogonal mobility

and mass-to-charge separation (Fig. 5).

More recently, the combination of stable isotope labeling with

high throughput direct infusion IM-MS was demonstrated for the

qualitative and quantitative monitoring of biocatalytic reactions.69

Advantages of the IM-MS approach included reduced analysis times,

enhanced sensitivity, µL-level assay volumes and also greatly reduced

the chemical noise. The capability of IM-MS was demonstrated by

application to both lipase and monooxygenase enzymes, including

multi-substrate screening. The quantitative potential was demon-

strated for the detection of an amide product with linearity achieved

between 10 nM and 10 μM.

4.2 | Miniaturized and portable mass spectrometers

Miniaturized, lightweight, and portable atmospheric pressure ionization

(API)massspectrometers further facilitateon-lineMSforprocessanalysis,

by allowing the system to be positioned with any process under

investigation. Snyder et al fromPurdueUniversity have recently reviewed

thedesignchallenges, development andapplicationsof thenowextensive

range of miniature and field mass spectrometers (37 described in the

FIGURE 5 On-line IM-MS of the deprotonation of 7-fluoro-6-
hydroxy-2-methylindole by sodium hydroxide. 2D plot of drift time
versus m/z 1 hr after addition of aqueous sodium hydroxide ((A) is
indole monomer, (B) is O-linked dimer and (C) is O-linked trimer.
Lower plots are (A) ion mobility spectra of the reaction mixture and
(B) selected ion mobility response for O-linked dimer (Reproduced
from,67 with permission from the Royal Society of Chemistry
©2011)
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review). Many of these that have been developed and demonstrated

within academia. However, the review also includes a number of

commercially available small footprint instruments of the type being

increasingly used for reaction monitoring in an industrial setting.70

The potential of such devices for reaction monitoring has been

demonstrated in two recent publications. In the first, a device was

coupled to a Uniqsis Flow Syn continuous flow chemistry reactor.17 In

the second, Bristow et al4 monitored the progress of a continuous flow

FIGURE 6 On-line MS of a Hofmann rearrangement reaction. Top figure is plot of change in ion abundance of starting material as a
function of reaction temperature using three different make-up flows. Bottom figure are mass spectra showing formation of product and
impurities at (A) 20°C and (B) 60 °C (Reproduced from,4 with permission from the American Society for Mass Spectrometry Inc ©2014)
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Hofmann rearrangement reaction. In this study, reactant dilution was

achieved by transfer of small aliquots of sample solution into a

samplingmake-up flow, followed by electrospray ionization. The setup

was able to detect at least seven compounds in the reaction mixture

when used on-line. This study identified that optimization of themake-

up flow composition and sample dilution factor are essential when

evaluating a reaction, as they can have a pronounced effect on the

observedMS response and subsequent reaction understanding (Fig. 6).

FIGURE 7 On-line NMR-MS. Top trace is response from on-line NMR, bottom trace is response from on-line mass spectrometry
(Reproduced from,4 with permission from Wiley Inc ©2016)
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It is likely that the capability of miniaturized mass spectrometers

will continue to be developed, enabling even more in-depth mass

spectrometry experiments (tandem mass spectrometry for structural

characterization and quantitation) to be carried out on dynamic

processes in real time. Such potential has been demonstrated by

researchers at Microsaic Systems in their publication describing a

miniature triple quadruple mass spectrometer,71 along with other

ground breaking examples of miniaturization of mass spectrometers in

a variety of application areas.72–74

One significant challenge for on-line MS is the ability to monitor a

chemical synthesis across a very broad process concentration range.

For example this could be as wide as 0.01-70.0 mg/mL. The lower end

of this concentration range is not a major concern due to the inherent

MS sensitivity and hence low level reactants and products will be easily

detectable. However, a major challenge comes from the very high

sample concentrations which would quickly result in detector

saturation and therefore limit the quantitative relationship as a

function of concentration. Further issues with quantitative on-line

reaction monitoring arise due to the potential for suppression and

enhancement effects that can be observed as no chromatographic

separation is used. This could also have a detrimental effect on the

ability to detect low level impurities, which can be limited by ion

suppression effects.

However, there is progress on this technical challenge and

examples of reactionmonitoring at high concentration are found in the

literature. Zhu et al used a FIA approach, with a post-injection splitter

flowing into an APCI source, to analyze reactions at the molar

concentration level.75 Yan et al have described a multistage dilution

system capable of application to concentrated reaction mixtures

(between 0.1 and 3.9 mmol; up to 30mg/mL) in combination with

iESI.24 Also, recognizing the potential quantitative limitations for on-

line mass spectrometry for monitoring a reaction over a full industrial

pharmaceutical chemical process range (0.01-70.0mg/mL), Bristow

and colleagues investigated the combination of a 500MHz 1H NMR

and a small footprint mass spectrometer to monitor a batch reaction

on-line. The mass spectrometer was coupled into the flow path of an

on-line reaction monitoring NMR. Reaction mixture was pumped from

a 100mL vessel to an NMR flow tube before returning to the vessel.

Small aliquots were diverted into a sampling make-up flow using an

active flow splitter and passed to themass spectrometer, with a typical

1000× dilution (Fig. 7).

FIGURE 8 On-line MS of a self-optimising flow reactor (A) the
reaction studied and (B) the graphical output of the self-
optimisation (Reproduced from,18 with permission from the Royal
Society of Chemistry ©2016)

FIGURE 9 Automated optimisation of a synthetic procedure that employs online mass spectrometry (A) the reaction studied and (B) the
output from on-line MS (blue line corresponds to starting material, while the orange line represents the product) (Reproduced from,76 with
permission from The American Chemical Society ©2016)
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TABLE 1 Selected reactions studied by mass spectrometry

Reaction Inlet method
Ionization
technique Reference

Tröger’s base formation Direct infusion from reaction in syringe Electrospray 81

Morita-Baylis-Hillman Venturi effect based direct sampling V-EASI 55

Morita-Baylis-Hillman On-chip reaction Microfluidics/

nano-
electrospray

64

Morita-Baylis-Hillman Microsyringe pump direct infusion Electrospray 82

Morita-Baylis-Hillman Offline manual sampling Electrospray 83

aza-Morita-Baylis-Hillman Direct infusion from syringe driven flow reactor 84

Hofmann re-arrangement Direct sampling with dilution by Mass Rate
Attenuator

Electrospray 4

Isocyanate derivatization Chip based reactor Nanospray 85

Birch reduction Reaction occurs in plasma LTP 52

Maillard Headspace gas by overpressure with dilution PTR 35

Stille Direct infusion from reaction in syringe Electrospray 86

Protease-catalyzed Super-fine dipped needle Electrospray 87

Aldol Infusion from microreactor with dilution via mixing
tee

Electrospray 88

Mannich-type methylenation Microsyringe pump direct infusion Electrospray 89

Hydroformylation Autoclave coupled to inlet, pressure of autoclave
drives flow

Electrospray 90

Hydrodehalogenation PSI Electrospray 91

Methoxy and acetoxylation Direct infusion from reaction in syringe Electrospray 92

Chlorination of alcohols Coupled microreator Electrospray 93

Ugi Direct infusion from reaction in syringe Electrospray 94

Eschweiler-Clarke DESI DESI 95

Methacathinone from pseudoephedrine Samples placed on glass slides and directly analysed FAPA 50

Generation of benzyne via diazotisation of anthranilic
acid, and its subsequent cycloaddition to furan.

Switching valve from flow with dilution via tee Electrospray 17

N-methylation of an indole Samples placed on tip of capillary tube ASAP 51

Eberlin Carrier gas flowed over reagent into plasma chamber LTP 53

Imine formation Carrier gas flowed over reagent into plasma chamber LTP 53

Base hydrolysis Mixture nebulised and sampled with venture pump. EESI 58

Base hydrolysis Flow of solvent across tee connected to tee in
sample. Pumped thereafter with further dilution.

ESI 3

Michael addition Carrier gas flowed over reaction mixture EESI 57

Acetylation Carrier gas flowed over reaction mixture EESI 57

Conversion of fructose to 5-hydroxymethylfurfural Gas jetted into solvent, overpressure carries mixture
into source

EESI 59

Diels-Alder Direct flow from microreactor Electrospray 14

Ziegler-Natta polymerization Direct flow from microreactor Electrospray 8

Enzymatic reactions Direct flow from microreactor Electrospray 11

Zemplen Ultrasonication and direct capillary from reaction
mixture

UASI 19

Dehydration Pressure driven with dilution Electrospray 21

Acetylation Low temperature plasma probe on surface desorbs
analytes

LTP 54

(Continues)
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Advantages of the combination were observed. 1HNMRwas ideal

for quantitation of high level components, whereas MS showed a

greater capability for detecting those at low level. In preliminary

experiments MS produced a limited linear relationship with concen-

tration (0.02% to 2% relative concentration, 0.01-1.25mg/mL), due to

signal saturation at the higher concentrations. NMR was unable to

detect components below 0.1% relative to concentration maximum.

However, there still remained the challengeof extending the linear dynamic

range of MS, while maintaining the ability to detect low level impurities.

Optimization of sample transfer (and dilution) to the mass spectrometer

extended the linearity to 10% relative to the concentration maximum

(7mg/mL). Therefore, the combination of on-line NMR and MS allowed

both qualitative and quantitative analysis of reaction components over the

full process range. It is recognized, however, that further technical

TABLE 1 (Continued)

Reaction Inlet method
Ionization
technique Reference

Condensation (Schiff base formation) Low temperature plasma probe on surface desorbs
analytes

LTP 54

Esterification Low temperature plasma probe on surface desorbs
analytes

LTP 54

Michael addition Syringe pump via automatic injector into makeup
flow

APCI 75

Eschweiler-Clarke methylation Reaction conducted on filter paper on heated probe PATI 62

Olefin deoxygenation Reaction conducted on filter paper on heated probe PATI 62

Amine-aldehyde condensation Gravity flow capillary tube onto paper, voltage across

paper induces spray

Paperspray 63

Addition-elimination Gravity sampling through narrow capillary Electrospray 22

Negishi cross- coupling Positive gas pressure forcing solution through
capillary

Inductive
electrospray

23

Reductive amination Positive gas pressure forcing solution through
capillary

Inductive
electrospray

23

Pd/C catalysed aldehyde hydrogenolysis Positive gas pressure forcing solution through
capillary

Inductive
electrospray

23

Isocyanate reaction with amine to form urea Pulley based gradual pulling of sample through
source.

DART 49

Heterogeneous hydration of 3-cyanopyridine to the
corresponding amide

Sampling from flow via mass rate attenuator Electrospray 76

Claisen-Schmidt condensation Direct spray of reaction mixture into instrument with
syringe pump

Electrospray 45

Esterification Direct pump from reaction vessel into thermal
vaporiser

EI 37

RAFT polymerisation Direct flow from chip based microreactor Electrospray 16

Deprotonation by sodium hydroxide Direct infusion from reaction in syringe Electrospray
(IM-MS)

67

Nucleophilic substitution Pumped from reaction mixture, dilution by mass rate
attenuator

Electrospray 6

Reaction of methyl nicotinate with aqueous methylamine Sampling valve switching from reaction flow into
makeup flow

APCI 18

Mannich Direct spray from chip base microreactor Microfluidics/
nano-
electrospray

65

Lipase-catalysed oxidation Samples centrifuged then directly injected. Electrospray
(IM-MS)

69

Ketone-Sulfite reaction Rotating ball MIMS EI 96

Photolysis of C-I bond in Methanol Multi pump sampling loop with dilution ESI 97

Knoevangel condensation Multi-pump direct sampling with quench, dilution

and HCl addition

ESI 2
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developments are required to provide dilutions in excess of 10,000× that

are required for MS response linearity over full process range.

5 | THE FUTURE

5.1 | Real time reaction control and optimization

A vision of the future is onewhere automated control and optimization

is achieved using analytical technology including MS. Richard Bourne

and colleagues have described an automated reactor for chemical

synthesis that uses on-line MS for reaction monitoring, product

quantification and real time optimization.18 Fully automated optimi-

zation of the reaction was carried out using the SNOBFIT algorithm

and a design of experiment statistical approach. The output of the

experiment is a multi-dimensional model which can be used to select

the optimum conditions via a number of criteria including reaction

yield, flow rates, and temperature (Fig. 8).

Steve Ley and colleagues have also developed a system that allows

the automation and optimization of synthetic procedures and employs

on-line MS to monitor the reaction.76 The internet based control

system (named LeyLab) can be operated by any researcher to monitor

and control their chemical reactions and was demonstrated for a

number of reactions including heterogeneous hydration of

3-cyanopyridine to the corresponding amide (Fig. 9).

6 | CONCLUSIONS

In the last 10 years, there has been an upsurge in interest in on-line

reaction monitoring as illustrated by the number of reactions shown in

Table 1. The range of ionization modes has greatly increased driven by

the development of a multitude of ambient ionization techniques. Mass

spectrometers have become smaller making it easier to position them

with a reaction system or process. The reduced cost of these smaller

mass spectrometers also makes it easier for them to be integrated into

the standard laboratory workflow. The development of self-optimizing

systems may greatly speed up the time taken to understand and

optimizea reactions, saving the synthetic chemistmanyhours that result

from the need to repeat reactions or carry out off-line analysis.

Although much progress has been made, many challenges remain.

These include (a) representative sampling from, and the analysis of,

heterogeneoussystems; (b) the issueofspecificity thatcanresult fromdirect

analysisofacomplexreactionsystemandalso thepotential ionsuppression;

and (c) the clear requirement to extend thedynamic range of on-lineMS for

quantitative analysis of high concentration reaction mixtures.

Finally, it should be noted that the developments in on-line

monitoring with MS has also led to its application in other areas such

as dissolution,5,61 environmental monitoring,77 and cell metabolism

studies.78 The recent developments in direct volatile organics

analysis (such as in breath) are likely to be applicable to off-gas

analysis with the potential to monitor both the condensed and

aqueous phase of a reaction for a more complete understanding of

the chemistry.79,80

REFERENCES

1. Fabris D. Mass spectrometric approaches for the investigation of
dynamic processes in condensed phase. Mass Spectrom Rev.
2005;24:30–54.

2. Dell’Orco P, Brum J, Matsuoka R, Badlani M, Muske K. Monitoring
process-scale reactions using API mass spectrometry. Anal Chem.

1999;71:5165–5170.

3. Brum J, Dell’Orco P, Lapka S, Muske K, Sisko J. Monitoring organic

reactions with on-line atmospheric pressure ionization mass spec-
trometry: the hydrolysis of isatin. Rapid Commun Mass Spectrom.
2001;15:1548–1553.

4. Bristow TW, Ray AD, O’Kearney-McMullan A, Lim L, McCullough B,
Zammataro A. On-line monitoring of continuous flow chemical
synthesis using a portable, small footprint mass spectrometer. J Am

Soc Mass Spectrom. 2014;25:1794–1802.

5. Lewis C, Ray A, Bristow T,Wren S. Determining the suitability of mass

spectrometry for understanding the dissolution processes involved
with pharmaceutical tablets. Rapid Commun Mass Spectrom.
2015;29:1107–1114.

6. Blanazs A, Bristow TWT, Coombes SR, Corry T, Nunn M, Ray AD.
Coupling and optimisation of online nuclear magnetic resonance

spectroscopy and mass spectrometry for process monitoring to cover
the broad range of process concentration. Magn Reson Chem.
2016;55:274–282.

7. Schröder D. Applications of electrospray ionization mass spectrome-

try in mechanistic studies and catalysis research. Acc Chem Res.
2012;45:1521–1532.

8. Santos LS, Metzger JO. Study of homogeneously catalyzed Ziegler-
Natta polymerization of ethene by ESI-MS. Angew Chem Int Ed.
2006;45:977–981.

9. Santos LS, Knaack L, Metzger JO. Investigation of chemical reactions
in solution using API-MS. Int J Mass Spectrom. 2005;246:84–104.

10. Wilson DJ, Konermann L. A capillary mixer with adjustable reaction
chamber volume formillisecond time-resolved studies by electrospray
mass spectrometry. Anal Chem. 2003;75:6408–6414.

11. Wilson DJ, Konermann L. Mechanistic studies on enzymatic reactions
by electrospray ionization MS using a capillary mixer with adjustable
reaction chamber volume for time-resolved measurements. Anal
Chem. 2004;76:2537–2543.

12. WangH,Metzger J. ESI-MS study on first-generation ruthenium olefin

metathesis catalysts in solution: direct detection of the catalytically
active 14-electron ruthenium intermediate. Organometallics. 2008;
27:2761–2766.

13. Santos LS, Metzger JO. On-line monitoring of Brookhart polymerisa-

tion by electrospray ionization mass spectrometry. Rapid Commun
Mass Spectrom. 2008;22:898–904.

14. Furrmeier S,Metzger J.Detectionof transient radical cations in electron

transfer-initiated Diels-Alder reactions by electrospray ionization mass
spectrometry. J Am Chem Soc. 2004;126:14485–14492.

15. Santos L. What do we know about reaction mechanism? the
electrospray ionization mass spectrometry approach. J Braz Chem

Soc. 2011;22:1827–1840.

16. Haven JJ, Vandenbergh J, Junkers T. Watching polymers grow: real

time monitoring of polymerizations via an on-line ESI-MS/micro-
reactor coupling. Chem Commun. 2015;22:4611–4614.

17. Browne DL, Wright S, Deadman BJ, et al. Continuous flow reaction
monitoring using an on-line miniature mass spectrometer. Rapid

Commun Mass Spectrom. 2012;26:1999–2010.

18. Holmes N, Akien GR, Savage RJD, et al. Online quantitative mass

spectrometry for the rapid adaptive optimisation of automated flow
reactors. React Chem Eng. 2016;1:96–100.

19. Chen T, Chao C, Mong KT, Chen Y. Ultrasonication-assisted spray
ionization mass spectrometry for on-line monitoring of organic
reactions. Chem Commun. 2010;46:8347–8349.

RAY ET AL. | 577



20. Chen T, Lin J, Chen J, Chen Y. Ultrasonication-assisted spray ionization
mass spectrometry for the analysis of biomolecules in solution. J Am
Soc Mass Spectrom 2010;21:1547–1553.

21. Paz-Schmidt R, Bonrath W, Plattner DA. Online ESI-MS analysis of
reactions under high pressure. Anal Chem. 2009;81:3665–3668.

22. Hsu F, Liu T, Laskar AH, Shiea J, Huang M. Gravitational sampling
electrospray ionization mass spectrometry for real-time reaction

monitoring. Rapid Commun Mass Spectrom. 2014;28:1979–1986.
23. Yan X, Sokol E, Li X, Li G, Xu S, Cooks RG. On-Line reactionmonitoring

andmechanistic studies bymass spectrometry: negishi cross-coupling,
hydrogenolysis, and reductive amination. Angew Chem Int Ed.
2014;53:5931–5935.

24. Yan X, Bain RM, Li Y, Qui R, Flick TG, Cooks RG. Online inductive
electrospray ionization mass spectrometry as a process analytical
technology tool to monitor the synthetic route to anagliptin. Org
Process Res Dev. 2016;20:940–947.

25. Meher AK, Chen Y. Online monitoring of chemical reactions by

polarization-induced electrospray ionization. Anal Chim Acta.
2016;937:106–112.

26. Yang Y,Han F,Ouyang J, ZhaoY, Han J, NaN. In-situ nanoelectrospray
for high-throughput screening of enzymes and real-timemonitoring of
reactions. Anal Chim Acta. 2016;902:135–141.

27. Vikse KL, Ahmadi Z, Luo J, et al. Pressurized sample infusion: an easily
calibrated, low volume pumping system for ESI-MS analysis of
reactions. Int J Mass Spectrom. 2012;324:8–13.

28. Theron R, Wu Y, Yunker LPE, et al. Simultaneous orthogonal methods

for the real-time analysis of catalytic reactions. ACS Catal.
2016;6:6911–6917.

29. Davey NG, Krogh ET, Gill CG. Membrane-introduction mass
spectrometry (MIMS). TrAC Trends Anal Chem. 2011;30:1477–1485.

30. Johnson RC, Cooks RG, Allen TM, Cisper ME, Hemberger PH.

Membrane introduction mass spectrometry: trends and applications.
Mass Spectrom Rev. 2000;19:1–37.

31. Bastidas-Oyanedel JR, Mohd-Zaki Z, Pratt S, Steyer JP, Batstone DJ.
Development of membrane inlet mass spectrometry for examination
of fermentation processes. Talanta. 2010;83:482–492.

32. Tarkiainen V, Kotiaho T, Mattila I, Virkajarvi I, Aristidou A, Ketola RA.
On-line monitoring of continuous beer fermentation process using
automatic membrane inlet mass spectrometric system. Talanta.
2005;65:1254–1263.

33. Duncan KD, McCauley EP, Krogh ET, Gill CG. Characterization of a

condensed-phase membrane introduction mass spectrometry (CP-
MIMS) interface using a methanol acceptor phase coupled with
electrospray ionization for the continuous on-line quantitation of
polar, low-volatility analytes at trace levels in complex aqueous

samples. Rapid Commun Mass Spectrom. 2011;25:1141–1151.
34. Duncan KD, Willis MD, Krogh ET, Gill CG. A miniature condensed-

phase membrane introduction mass spectrometry (CP-MIMS) probe
for direct and on-line measurements of pharmaceuticals and
contaminants in small, complex samples. Rapid Commun Mass

Spectrom. 2013;27:1213–1221.
35. Pollien P, Lindinger C, Yeretzian C, Blank I. Proton transfer reaction

mass spectrometry, a tool for on-line monitoring of acrylamide
formation in the headspace of maillard reaction systems and
processed food. Anal Chem. 2003;75:5488–5494.

36. Luchner M, Gutmann R, Bayer K, et al. Implementation of proton
transfer reaction-mass spectrometry (PTR-MS) for advanced bio-
process monitoring. Biotechnol Bioeng. 2012;109:3059–3069.

37. Chanda A, Daly AM, Foley DA, et al. Industry perspectives on process
analytical technology: tools and applications in API development. Org

Process Res Dev. 2015;19:63–83.
38. Owen AW, McAulay EAJ, Nordon A, et al. Monitoring of an

esterification reaction by on-line direct liquid sampling mass
spectrometry and in-line mid infrared spectrometry with an attenu-
ated total reflectance probe. Anal Chim Acta. 2014;849:12–18.

39. Wonders AH, Housmans THM, Rosca V, Koper MTM. On-line mass
spectrometry system for measurements at single-crystal electrodes in
hanging meniscus configuration. J Appl Electrochem. 2006;36: 1215–1221.

40. de Groot MT, Merkx M, Wonders AH, Koper MTM. Electrochemical
reduction of NO by hemin adsorbed at pyrolitic graphite. J Am Chem
Soc. 2005;127:7579–7586.

41. Grote J, Zeradjanin AR, Cherevko S, Mayrhofer KJJ. Coupling of a

scanning flow cell with online electrochemical mass spectrometry for
screening of reaction selectivity. Rev Sci Instrum. 2014;85:104101.

42. HousmansTH,WondersAH,KoperMT.Structure sensitivity ofmethanol
electrooxidation pathways on platinum: an on-line electrochemical mass
spectrometry study. J Phys Chem B. 2006;110: 10021–10031.

43. Ma X, Zhang S, Zhang X. An instrumentation perspective on reaction
monitoring by ambient mass spectrometry. TrAC Trends Anal Chem.
2012;35:50–66.

44. Chen C, Lin P. Monitoring of chemical transformations by mass
spectrometry. Anal Methods. 2015;7:6947–6959.

45. Espy RD, Wleklinski M, Yan X, Cooks RG. Beyond the flask: reactions
on the fly in ambient mass spectrometry. TrAC Trends Anal Chem.
2014;57:135–146.

46. Müller T, Badu-Tawiah A, Cooks RG. Accelerated Carbon-Carbon
bond-forming reactions in preparative electrospray. Angew Chem Int

Ed. 2012;51:11832–11835.
47. Wleklinski M, Falcone CE, Loren BP, et al. Can accelerated reactions in

droplets guide chemistry at scale? Eur J Org Chem. 2016;2016:
5480–5484.

48. Petucci C, Diffendal J, Kaufman D, Mekonnen B, Terefenko G,
Musselman B. Direct analysis in real time for reaction monitoring in
drug discovery. Anal Chem. 2007;79:5064–5070.

49. Cho DS, Gibson SC, Bhandari D, et al. Evaluation of direct analysis in
real time mass spectrometry for onsite monitoring of batch slurry

reactions. Rapid Commun Mass Spectrom. 2011;25:3575–3580.
50. Smoluch M, Reszke E, Ramsza A, Labuz K, Silberring J. Direct analysis

of methcathinone from crude reaction mixture by flowing atmo-
spheric-pressure afterglow mass spectrometry. Rapid Commun Mass
Spectrom. 2012;26:1577–1580.

51. Petucci C, Diffendal J. Atmospheric solids analysis probe: a rapid
ionization technique for small molecule drugs. J Mass Spectrom.
2008;43:1565–1568.

52. Na N, Xia Y, Zhu Z, Zhang X, Cooks R. Birch reduction of benzene in a
low-temperature plasma. Angew Chem Int Ed. 2009;48:2017–2019.

53. Benassi M, Garcia-Reyes JF, Spengler B. Ambient ion/molecule
reactions in low-temperature plasmas (LTP): Reactive LTP mass
spectrometry. Rapid Commun Mass Spectrom. 2013;27:795–804.

54. Ma X, Zhang S, Lin Z, et al. Real-time monitoring of chemical reactions

by mass spectrometry utilizing a low-temperature plasma probe.
Analyst. 2009;134:1863–1867.

55. DominM, Cody R, 2015 Ambient IonizationMass Spectrometry Royal
Society of Chemistry.

56. SantosVG, Regiani T,Dias FFG, et al. Venturi easy ambient sonic-spray

ionization. Anal Chem. 2011;83:1375–1380.
57. Zhu L, Gamez G, Chen HW,Huang HX, Chingin K, Zenobi R. Real-time,

on-line monitoring of organic chemical reactions using extractive
electrospray ionization tandem mass spectrometry. Rapid Commun
Mass Spectrom. 2008;22:2993–2998.

58. McCullough BJ, Bristow T, O’Connor G, Hopley C. On-line reaction
monitoring by extractive electrospray ionization. Rapid Commun Mass
Spectrom. 2011;25:1445–1451.

59. Law W, Chen H, Ding J, et al. Rapid characterization of complex
viscous liquids at the molecular level. Angew Chem Int Ed.

2009;48:8277–8280.
60. MarquezCA,WangH,Fabbretti F,Metzger J. Electron-transfer-catalyzed

dimerization of trans-anethole: detection of the distonic tetramethylene
radical cation intermediate by extractive electrospray ionization mass
spectrometry. J Am Chem Soc. 2008;130:17208–17209.

578 | RAY ET AL.



61. Hsieh C, Chao C, Mong KT, Chen Y. Online monitoring of chemical
reactions by contactless atmospheric pressure ionization mass
spectrometry. J Mass Spectrom. 2012;47:586–590.

62. Pei J, Kang Y, HuangG. Reactive intermediate detection in real time via
paper assisted thermal ionization mass spectrometry. Analyst.
2014;139:5354–5357.

63. Liu W, Mao S, Wu J, Lin J. Development and applications of paper-

based electrospray ionization-mass spectrometry for monitoring of
sequentially generated droplets. Analyst. 2013;138:2163–2170.

64. Fritzsche S, Ohla S, Glaser P, et al. Asymmetric organocatalysis and
analysis on a single microfluidic nanospray chip. Angew Chem Int Ed.
2011;50:9467–9470.

65. Cheng C, Yuan C, Cheng S, et al. Electrospray-assisted laser
Desorption/Ionization mass spectrometry for continuously monitor-
ing the states of ongoing chemical reactions in organic or aqueous
solution under ambient conditions. Anal Chem. 2008;80:7699–7705.

66. Kirby AE, Wheeler AR. Microfluidic origami: a new device format for

in-line reaction monitoring by nanoelectrospray ionization mass
spectrometry. Lab Chip. 2013;13:2533–2540.

67. Harry EL, Bristow AWT, Wilson ID, Creaser CS. Real-time reaction
monitoring using ion mobility-mass spectrometry. Analyst. 2011;136:
1728–1732.

68. Roscioli KM, Zhanga X, Li SX, et al. Real time pharmaceutical reaction
monitoring by electrospray ionmobility-mass spectrometry. Int J Mass
Spectrom. 2013;336:27–36.

69. Yan C, Schmidberger JW, Parmeggiani F, et al. Rapid and sensitive

monitoring of biocatalytic reactions using ion mobility mass spec-
trometry. The Analyst. 2016;141:2351–2355.

70. Snyder DT, Pulliam CJ, Ouyang Z, Cooks RG. Miniature and fieldable
mass spectrometers: recent advances. Anal Chem. 2016;88:2–29.

71. Wright S, Malcolm A, Wright C, et al. A microelectromechanical

systems-enabled, miniature triple quadrupole mass spectrometer.
Anal Chem. 2015;87:3115–3122.

72. YangM, Kim T, HwangH, Yi S, KimD. Development of a palm portable
mass spectrometer. J Am Soc Mass Spectrom. 2008;19:1442–1448.

73. Diaz JA, Pieri D, Wright K, et al. Unmanned aerial mass spectrometer

systems for in-situ volcanic plume analysis. J Am Soc Mass Spectrom.
2015;26:292–304.

74. Malcolm A, Wright S, Syms RRA, et al. A miniature mass spectrometer
for liquid chromatography applications. Rapid CommunMass Spectrom.
2011;25:3281–3288.

75. Zhu Z, Bartmess JE, McNally ME, Hoffman RM, Cook KD, Song L.
Quantitative real-time monitoring of chemical reactions by autosam-
pling flow injection analysis coupled with atmospheric pressure
chemical ionization mass spectrometry. Anal Chem. 2012;84:

7547–7554.
76. Fitzpatrick DE, Battilocchio C, Ley SV. A novel internet-based reaction

monitoring, control and autonomous self-optimization platform for
chemical synthesis. Org Process Res Dev. 2016;20:386–394.

77. ZouX, KangM, Li A, ShenC, ChuY. Spray inlet proton transfer reaction

mass spectrometry (SI-PTR-MS) for rapid and sensitive online
monitoring of benzene in water. Anal Chem. 2016;88:3144–3148.

78. Liu W, Lin J. Online monitoring of lactate efflux by multi-channel
microfluidic chip-mass spectrometry for rapid drug evaluation. ACS
Sens. 2016;1:344–347.

79. Heaney LM, Ruszkiewicz DM, Arthur KL, et al. Real-timemonitoring of
exhaled volatiles using atmospheric pressure chemical ionization on a
compact mass spectrometer. Bioanalysis. 2016;8:1325–1336.

80. Huang J, Kumar S, Singanayagam A, et al. Exhaled breath acetone
for therapeutic monitoring in pneumonia using selected ion flow

tube mass spectrometry (SIFT-MS). Anal Methods 2013;5:
3807–3810.

81. Abella CA, Benassi M, Santos LS, Eberlin MN, Coelho F. The
mechanism of troger’s base formation probed by electrospray
ionization mass spectrometry. J Org Chem. 2007;72:4048–4054.

82. Santos LS, Pavam CH, AlmeidaWP, Coelho F, EberlinMN. Probing the
mechanism of the Baylis-Hillman reaction by electrospray ionization
mass and tandem mass spectrometry. Angew Chem Int Ed. 2004;43:
4330–4333.

83. AmaranteGW,MilagreHMS, Vaz BG, Vilachã Ferreira BR, EberlinMN,
Coelho F. Dualistic nature of the mechanism of the
Morita-Baylis-Hillman reaction probed by electrospray ionization
mass spectrometry. J Org Chem. 2009;74:3031–3037.

84. Regiani T, Santos VG, GodoiMN,Vaz BG, EberlinMN,Coelho F. On the

mechanism of the aza-morita-baylis-hillman reaction: ESI-MS intercep-
tion of a unique new intermediate. Chem Commun. 2011; 6593–6595.

85. Brivio M, Liesener A, Oosterbroek RE, et al. Chip-based on-line
nanospray MS method enabling study of the kinetics of isocyanate
derivatization reactions. Anal Chem. 2005;77:6852–6856.

86. Santos LS, Rosso GB, Pilli RA, Eberlin MN. The mechanism of the stille
reaction investigated by electrospray ionization mass spectrometry.
J Org Chem. 2007;72:5809–5812.

87. Yu Z, Chen LC, Mandal MK, Nonami H, Erra-Balsells R, Hiraoka K.
Online electrospray ionization mass spectrometric monitoring of

protease-catalyzed reactions in real time. J Am Soc Mass Spectrom.
2012;23:728–735.

88. Marquez C, Metzger JO. ESI-MS study on the aldol reaction catalyzed
by l-proline. Chem Commun. 2006;1539–1541.

89. Milagre CDF,Milagre HMS, Santos LS, et al. Probing themechanism of
direct mannich-type methylenation of ketoesters via electrospray
ionization mass spectrometry. J Mass Spectrom. 2007;42:1287–1293.

90. Beierlein CH, Breit B, Paz Schmidt RA, Plattner DA. Online monitoring
of hydroformylation intermediates by ESI-MS. Organometallics.

2010;29:2521–2532.
91. Ahmadi Z, McIndoe JS. A mechanistic investigation of hydrodehalo-

genation using ESI-MS. Chem Commun. 2013;49:11488–11490.
92. Guo L, Xu Y, Wang X, Liu W, Lu D. Investigation of the mechanisms of

palladium-catalyzed C-H acetoxylation and methoxylation by electrospray

ionization mass spectrometry. Organometallics. 2013;32:3780–3783.
93. Zhao Z, Wang H, Guo Y. ESI-MS study on transient intermediates in

the fast cyclopropenium-activated chlorination reaction of alcohols.
J Mass Spectrom. 2011;46:856–858.

94. MedeirosGA, da SilvaWA, Bataglion GA, et al. Probing themechanism

of the ugi four-component reaction with charge-tagged reagents by
ESI-MS(/MS). Chem Commun. 2014;50:338–340.

95. Xu G, Chen B, Guo B, He D, Yao S. Detection of intermediates for the
eschweiler-clarke reaction by liquid-phase reactive desorption electro-

spray ionization mass spectrometry. Analyst. 2011;136:2385–2390.
96. Ørsnes H, Graf T, Bohatka S, DegnH. Rotating ball inlet for continuous

mass spectrometric monitoring of aqueous solutions. Rapid Commun
Mass Sepctrom. 1998;12:11–15.

97. Brum & Dell’Orco. On-line mass spectrometry: Real-time monitoring

and kinetics analysis for the photolysis of idoxifene Rapid Commun
Mass Spectrom. 1998;12:741–745.

How to cite this article: Ray A, Bristow T, Whitmore C,

Mosely J. On-line reaction monitoring by mass spectrometry,

modern approaches for the analysis of chemical reactions.

Mass Spec Rev. 2018;37:565–579.

https://doi.org/10.1002/mas.21539

RAY ET AL. | 579

https://doi.org/10.1002/mas.21539

