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Visible-light photocatalysis provides numerous useful method-
ologies for synthetic organic chemistry. However, the mecha-
nisms of these reactions are often not fully understood.
Common mechanistic experiments mainly aim to characterize
excited state properties of photocatalysts and their interaction
with other species. Recently, in situ reaction monitoring using

dedicated techniques was shown to be well-suited for the
identification of intermediates and to obtain kinetic insights,
thereby providing more holistic pictures of the reactions of
interest. This minireview surveys these technologies and
discusses selected examples where reaction monitoring was
used to elucidate the mechanism of photocatalytic reactions.

1. Introduction

Visible-light photocatalysis has become a cornerstone of
modern organic synthesis.[1] Key to success is the ability of
certain chromophores, including organometallic complexes,[2]

organic dyes[3] and semiconducting materials[4] to reach long-
lived excited states that can act as single electron oxidants/
reductants (photoredox catalysis, PRC),[5] transfer energy to
substrates or reagents (energy transfer catalysis, EnT),[6] or serve
as hydrogen atom transfer catalysts (HAT).[7] These events
provide straightforward access to reactive open-shell intermedi-
ates under mild conditions and resulted in the development of
a myriad of new reaction methodologies.[1]

Unraveling the mechanisms of these transformations is
challenging, because many state-of-the-art photocatalytic trans-
formations include more than one catalytic species and several
reagents that are necessary to complete catalytic cycles.[1]

Further, certain photocatalysts can act as SET, HAT and EnT
catalysts, undergo consecutive photoinduced electron transfer
events,[8] or access different reactivity depending on the photon
energy/intensity leading to complex mechanistic scenarios.[9] It
is therefore not surprising that more than one mechanism can
be used to plausibly explain the outcome of photocatalytic
transformations. Indeed, proposed mechanisms are critically
discussed,[10] and were revised after careful investigations.[11]

The vast majority of mechanistic studies of photocatalytic
reactions rely on experiments that aim to characterize the
excited state properties of photocatalysts and their interaction
with substrates, reagents and co-catalysts under idealized
conditions.[12] These include computational and electrochemical
methods, static optical spectroscopy, quantum yield analysis,
quenching experiments, (ultra)fast spectroscopy and the identi-

fication of radical intermediates using trapping agents and
radical clock experiments, as well as electron paramagnetic
resonance (EPR) spectroscopy.[12] These experiments undoubt-
edly provide essential insights that build the foundation for
mechanistic proposals.

However, more holistic pictures of photocatalytic reactions
are highly desirable and require the determination of rate laws
and studies on (thermal) follow-up events that typically occur
on a comparably longer time scale than the initial photo-
catalytic activation steps. As such, real-time monitoring of
reactions is a complementary analysis method that allows
obtaining quantitative reaction profiles and identifying relevant
species in solution, including catalysts, substrates, reagents,
intermediates, products, as well as side- and byproducts.[13] The
obtained profiles can be further processed using, for example,
reaction kinetic progress analysis (RKPA) or variable time
normalization analysis (VTNA) to extract valuable kinetic
information.[13] Further, reaction monitoring provides important
data to design and operate large scale reactions in a safe,
controllable and reproducible manner.[14]

Although common for thermal reactions, real-time reaction
monitoring has been only sparingly applied in synthetic photo-
catalysis, which likely results from the (slightly) higher complex-
ity of setups capable of such analysis. Moreover, kinetic data of
photochemical reactions is somewhat difficult to reproduce due
to the strong dependence on the exact photochemical setup.[15]

The spectral output (wavelength distribution, photon equiv-
alents, etc.) of the light source and other factors, such as the
distance between the light source and the reaction vessel, the
reaction vessel itself (i. e. material and thickness), or temper-
ature effects can directly impact reaction profiles.[15]

This minireview surveys in situ reaction monitoring ap-
proaches for photocatalytic reactions. The first part aims to
provide a general overview over techniques that are used by
synthetic organic chemists to monitor reaction profiles and
intermediates in real-time. The second part discusses selected
examples from the scientific literature, where these monitoring
techniques shed light on the mechanism of photocatalytic
reactions.

2. Techniques for reaction monitoring in
photocatalysis

An ideal technique for reaction monitoring of photocatalytic
reactions should provide information of all relevant species
within a reaction mixture under synthetically relevant condi-
tions with high sensitivity and sufficient temporal resolution. In
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practice, no technology that fulfills all requirements for the
broad range of photocatalytic methods is available to date. The
practitioner has to choose between different approaches on a
case-by-case basis depending on the specific needs of the
reaction of interest.

In addition to design criteria that are specific to light-
mediated reactions (light source, vessel materials, etc.), other
factors have to be taken into consideration. For example, many
homogeneous solution-phase reactions can be carried out
reliably in a nuclear magnetic resonance (NMR) spectrometer,[16]

whereas heterogeneous (solid-liquid, gas-liquid, gas-liquid-sol-
id) transformations typically require other techniques due to
problems associated with mixing. Moreover, paramagnetic
species complicate NMR measurements and data interpretation,
specifically for quantitative analysis.[17]

In general, all nondestructive analytical methods, including
NMR spectroscopy and vibrational spectroscopy (FTIR, Raman)
are suitable for reaction monitoring. Depending on the
technique, the reaction has to be carried out inside of the
analytical instrument or by using a dedicated probe that can be
inserted into a reaction vessel. Alternatively, destructive
methods, such as mass spectrometry (MS), that continuously
analyze small aliquots of the reaction mixture in an automated
fashion, without significantly altering its chemical composition
and scale, can be used.[18] However, quantification is limited and
MS techniques are typically not used for monitoring the
concentration of specific species over time. Nevertheless, MS
analysis is ideally suited for the identification of (reactive)
intermediates, which can be important for elucidating reaction
mechanisms. As such, we have included relevant technologies
and examples in this minireview.

2.1. NMR spectroscopy

NMR spectroscopy is a non-destructive and non-invasive
technique that is routinely used in synthetic organic chemistry

for the identification and quantification of products, substrates,
reagents as well asintermediates .[19] A particular strength is the
complementary structural information of dissolved molecules
that can be gained by multi-nuclear detection (1H, 13C, 19F, 31P,
11B, etc.) and two-dimensional NMR techniques (DOSY, NOESY,
HSQC, HMBC, etc.). Reaction monitoring using in situ NMR
measurements is also commonly applied to obtain kinetic
insights.[13] Illuminating solutions inside NMR spectrometers
mainly relies on setups that use waveguides to transport
photons from the respective light source into the NMR vial.[20]

The most common approach used for real-time monitoring of
photocatalytic reactions is the fiber optic LED-NMR illumination
setup that was developed by Gschwind and co-workers.[20c]

Here, light from a high power LED is guided into the sample by
an optical fiber. Uniform irradiation is achieved by roughening
the fiber tip that is immersed into the reaction mixture through
a coaxial insert (Figure 1, A). Fiber optic LED-NMR was also
combined with optical spectroscopy to simultaneously acquire
UV/Vis and NMR spectra.[21]

A related illumination setup uses the NMR tube itself as
waveguide (Figure 1, B).[22] Here, the LED is positioned directly
at the top of the NMR tube rather than outside of the
spectrometer. Good sample illumination is achieved through
abrasive etching of the exterior surface of NMR tubes in the
sample area.

Although powerful, these waveguide-based setups use a
single LED and therefore only provide relatively low light
intensities. Roughening of the fiber tip as well as the abrasive
etching of the NMR tube might cause reproducibility problems.
Furthermore, these approaches do not enable the use of
pressurized NMR tubes. A recently developed LED irradiation
insert for NMR probes overcomes these problems (Figure 1,
C).[23]

It is, however, important to note that reaction monitoring
using NMR is limited to homogeneous reactions, because
heterogeneous reaction mixtures require vigorous stirring to
achieve reproducible and synthetically relevant results. Solid
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catalysts or reagents settle without proper mixing, which has
detrimental effects on the quality of the data obtained. In
special cases, depositing heterogeneous photocatalysts on the
inner wall of NMR tubes might be an option to address this
limitation.[24]

2.2. Vibrational and optical spectroscopy

In contrast to NMR analysis, real-time vibrational and optical
spectroscopy can be carried out using dedicated probes rather
than immersing the reaction vessel into an analytical device.[25]

These methods are not limited to homogeneous reactions and
small scales. Fourier-transform infrared spectroscopy (FTIR) is
among the most convenient and simultaneously broadly
applicable methods for monitoring organic transformations.[26]

It provides a molecular fingerprint of the chemical composition
of compounds in solution and the change of signal intensity of
a functional group of substrates or products can be related to
their concentration. Attenuated total reflectance (ATR) is the
most widely used technology for devices that enable static and
time-correlated FTIR studies. In brief, this technique is based on
multiple reflection of an IR beam within a crystal (i. e. silicon, or
diamond) that is in contact with the sample. The interaction of
the beam with the sample leads to detectable changes that can
be processed to result in a typical infrared spectrum. ATR
enabled the design of commercially available probes that can
be directly dipped into a reaction vessel to continuously record
FTIR spectra of (photocatalytic) transformations (Figure 2).[25a]

The same technology is used for UV/Vis and fluorescence
probes. However, the absorption and emission of photo-
catalysts dominates UV/Vis and fluorescence spectroscopy
spectra, limiting the applicability of these techniques for
reaction monitoring of photocatalytic reactions.[25e]

Raman spectroscopy allows to monitor gases, substances in
solution and undissolved particles using fiber optic probes and
is therefore broadly applicable in chemical analysis.[25b–d] Raman
probes are either immersed into the reaction mixture (invasive),
or placed outside of a transparent reaction vessel (non-
invasive).[25f] In general, invasive probes, including the ATR-FTIR

Figure 1. LED-NMR setups for in situ reaction monitoring of photochemical
reactions. Irradiation is realized using a fiber optic (A) and the NMR tube
itself as waveguide (B), or using a LED insert for NMR probes (C). Reproduced
from ref. [20c], [22] and [23] with permission from Elsevier and Springer
Nature.

Figure 2. Setup for in situ reaction monitoring of photocatalytic reactions
using an ATR-FTIR probe.
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and FTIR-UV/Vis devices described above, impact the irradiation
characteristics (smaller path length, reflection phenomena, etc.).
This can lead to different time-profiles compared to a reaction
carried out without a probe. Thus, non-invasive Raman probes
are advantageous, because reaction monitoring can be carried
out using completely unaltered setups. Another advantage of
Raman spectroscopy over other techniques is that signals do
not typically interfere with water vibrational modes, allowing its
use in aqueous reactions.[25f] However, for photocatalytic
applications the light source and the fluorescence of a
chromophore may interfere, resulting in a lowering of the
signal-to-noise ratio, which limits its application in
photochemistry.[25e]

2.3. Mass spectrometry

The high sensitivity of modern mass spectrometry instruments
allows to detect species that are present in very low concen-
trations in reaction mixtures.[27] More importantly, MS allows to
identify reactive intermediates that are otherwise only (indi-
rectly) accessible using trapping and radical clock
experiments.[12] This can result in mechanistic hints that are
hard to obtain using other techniques. However, analyzing
(photo)chemical reactions via mass spectrometry in a batch
setup requires an interface that constantly delivers small
aliquots of the reaction mixture to a mass spectrometer (ex
situ). A prototype setup using a probe electrospray ionization
mass spectrometer (PESI-MS) was recently developed for such
purposes (Figure 3).[28] This technology is based on a stainless
steel acupuncture needle that repeatedly transfers small
aliquots of the reaction mixture directly to the ion source with
an estimated time of 575 ms per sampling cycle. The reactor
consists of a stirred reaction vessel with a sampling orifice and
a light source. Importantly, the probe surface conditions were
reported to play a key role in the signal consecutiveness in
PESI-MS experiments. An untreated acupuncture needle gave
inconsistent results, which was attributed to the attachment of
photocatalyst particles (TiO2) on the probe tip. Surface
modification of the tip with TiO2 eliminated these problems.

2.4. Reaction monitoring using flow techniques

In continuous flow chemistry, non-destructive analytical meth-
ods that enable real-time analysis are directly integrated after a
(photo)reactor unit via an analytical flow-through cell (termed
in-line analysis). Common techniques include FTIR,[29] Raman,[30]

UV/Vis,[31] or (benchtop) NMR spectroscopy[32] and are nowadays
regularly applied due to their “plug-and-play” nature (Figure 4,
A). Reaction monitoring at preparative scales using destructive
analytical methods, such as mass spectrometry, requires setups
that periodically sample aliquots or split the flow stream
(termed on-line analysis) (Figure 4, B).[33] Analysis of flow
chemical reactions using such process analytical techniques is
fundamentally different to reaction monitoring in batch reac-
tions for two reasons. First, batch reactions require monitoring
techniques that analyze a chemical transformation directly in
(or sample continuously from) the reaction vessel, whereas
monitoring of flow reactions is spatially decoupled from the
reactor unit.[34] Second, in batch the substrate concentration is
uniformly distributed throughout the flask and decreases
exponentially over time. In a flow reaction, the concentration of
the starting material decreases along the reactor unit reaching
a minimum at its end. Consequently, monitoring a flow reaction
under steady state conditions gives continuous feedback of a
reaction at a fixed reaction time, which is, for example, used to
evaluate the stability of heterogeneous photocatalysts in
packed-bed reactors.[35] Tracking the time course in flow, on the
contrary, requires a multitude of experiments with varied flow
rates under steady state conditions[36] and is therefore not
discussed in this minireview.

More relevant approaches in the context of this minireview
are flow techniques that directly feed a reaction mixture into a
mass spectrometer and irradiate the catalytic cocktail either
before, or only at the tip of an ESI-MS spray capillary (Fig-
ure 5).[37] This approach (termed “photoflow ESI-MS” throughout
this minireview) allows to identify (short-lived) reactive inter-
mediates that are generated during photochemical processes
and can therefore give important mechanistic insights. For

Figure 3. Monitoring photocatalytic reactions using PESI-MS.

Figure 4. Reaction monitoring in flow photocatalysis. Nondestructive ana-
lytical tools are directly integrated in the flow path (A), whereas destructive
methods require splitting or sampling techniques (B).
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detailed discussions on these techniques, we refer to speci-
alized, we refer to specialized reviews by the groups of
Ananikov[37e] and Roithovà.[37d]

3. Mechanistic insights gained through
reaction monitoring

3.1. Identification of intermediates

The flavin catalyzed photooxidation of 4-methoxybenzyl alcohol
(MBA) was among the first photocatalytic reactions that was
studied using a fiber optic LED-NMR setup (Figure 6, A).[38]

Reaction monitoring under anaerobic conditions was carried
out in combination with chemically induced dynamic nuclear
polarization (CIDNP) experiments, which allow the detection of
short-lived radical species.[39] These studies provided evidence
that different mechanisms are operating depending on the
reaction medium. A slow reaction that likely proceeds via a
formal two-electron-transfer mechanism on the NMR timescale
was observed in CD3CN. The same reaction proceeded signifi-
cantly faster in a CD3CN:D2O mixture. More importantly, line
broadening of the NMR signals under aqueous conditions was
indicative for a long-lived semiquinone radical species (RFTA·+,
confirmed by UV/VIS spectroscopy), suggesting a single-
electron transfer mechanism. The authors concluded that this
results from the stabilization and separation of the radical
counterions in presence of D2O, whereas non-aqueous con-
ditions lead to contact ion pairs that facilitate back electron
transfer.

Another oxidative flavin catalyzed reaction was investigated
using photoflow ESI-MS monitoring (Figure 6, B).[40] More
specifically, the authors studied the aerobic oxidation of toluene
derivatives using a chiral ethylene-bridged flavinium salt that
leads to the corresponding benzyl alcohols and benzaldehydes.
Various reaction times were simulated by irradiating the
reaction mixture in a flow reactor before entering the mass

spectrometer, or only at the tip of the spray capillary. Several
short-lived species were identified that agree with postulated
intermediates of a plausible catalytic cycle. In addition, a series
of side-products, including arylated flavinium ions, were
detected and attributed to result from undesired off-cycle
events. It is worth noting that all detected intermediates were
further confirmed by isotope labelling studies, as well as IR and
UV/Vis spectroscopy.

Tetrahydroisoquinolines (THIQs) are amongst the most
studied substrates that are activated through photoredox
catalysis. These reactions are typically proposed to involve the
initial formation of the corresponding radical cation via single
electron oxidation that opens opportunities for several follow-
up reactions.[41] A classic example is the photocatalyzed aza-
Henry reaction of THIQs and MeNO2 that was originally reported
by the Stephenson laboratory.[42] The groups of König and
Gschwind reported an extensive mechanistic study of this

Figure 5. Monitoring (short-lived) intermediates in photocatalysis by directly
feeding the reaction mixture into an ESI-MS device (photoflow ESI-MS).
Irradiation can be carried out in the flask or syringe (A), in the capillary (B);
on the tip of the capillary and plume at the needle tip (C), or on the tip of a
nanospray-ESI (nESI) device (D). Reproduced from ref. [37e] with permission
from John Wiley and Sons.

Figure 6. Reaction monitoring in flavin photocatalysis. LED-NMR studies
revealed that the solvent impacts the reaction mechanism (A). Photoflow
ESI-MS monitoring provided evidence for several catalytic intermediates (B).
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transformation that included reaction monitoring using a fiber
optic LED-NMR setup under anaerobic conditions.[43] In addition
to the substrate (1) and product (2), the authors were able to
identify and monitor the formation and consumption of a
dimeric species (3) and nitrone 4 (Figure 7). Further, iminium
ion (5) as well as THIQ-OOH (6) that results from reaction with
residual oxygen were identified in low concentrations during
the initial phase of the reaction. Additional experiments under
aerobic conditions were carried out by analyzing aliquots of a
batch reaction via ex situ NMR. Here, a significantly faster
reaction rate was observed and THIQ-OOH (6) was identified as
main intermediate. Based on these observations, the authors
carefully studied the formation and fate of these species. These
investigations resulted in a complex mechanistic picture of the
photocatalytic aza-Henry reaction that consists of several path-
ways that lead to the formation of the desired product. In brief,
photocatalytic initiation generates the key radical cation that
leads to the desired product under aerobic conditions via 5, or
a α-amino radical. The α-amino radical was also proposed to
trigger formation of dimer 3 and nitrone 4 under anaerobic
conditions via two different pathways. Both species are
converted to the desired product. The authors also provided
evidence for two productive background reactions that do not
involve the photocatalyst.

Photoredox catalysis can be used to convert 1,2,3,4-
tetrahydroquinoline into quinoline under aerobic conditions

(Figure 8, A).[37c] This reaction was discovered using a photoflow
ESI-MS approach as reaction screening tool that also identified
a radical cation intermediate and the reduced photocatalyst
(Ru(bpy)3

+). Similar intermediates were detected during a
photoflow ESI-MS study of the photocatalytic [3+2] annulation
of N-cyclopropyl aniline and styrene (Figure 8, B).[44]

The groups of Ananikov and König developed a photoredox
catalyzed Markovnikov-type thiol-yne reaction of terminal
alkynes and thiophenol derivatives.[45] To support their mecha-
nistic rationale, an alkyne with an ionizable sulfate group (7)
was synthesized to study the formation of the desired product
(8) and an undesired side product (9) via photoflow ESI-MS
reaction monitoring (Figure 9, A). More recently, the same
groups extended this photocatalytic method to an intermolec-
ular thiol-yne-ene reaction.[46] The reaction was studied using
alkyne 7, 2-fluorothiophenol (10) and vinylsulfide 11 in
presence of (tert-butyl)-N-(perfluorobiphenyl-4-yl)oxylamine
(12) as radical trap with a high resolution photoflow ESI-UHRMS
monitoring setup (Figure 9, B). In presence of green light,
radical adduct 13 was detected, indicating that 14 is a reactive
intermediate.

Figure 7. Monitoring of the photocatalytic aza-Henry reaction by LED-NMR
identified several productive intermediates. Reproduced from ref. [43] with
permission from the American Chemical Society.

Figure 8. ESI-MS monitoring of photocatalytic reactions of amines identified
radical cation intermediates and reduced photocatalyst species.

Figure 9. Photoflow ESI-(UHR)MS reaction monitoring of a photocatalytic
thiol-yne (A) and a thiol-yne-ene reaction (B).
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Photoflow ESI-MS monitoring was also applied to identify
intermediates in the photocatalytic Meerwein arylation of
pyrazin-2-amine with 4-methoxybenzenediazonium tetrafluoro-
borate (Figure 10, A).[47] This study provided evidence that the
reaction proceeds through the formation of radical cation 15.

Schultz and coworkers used decatungstate photocatalysis
for the oxygenation of amines in presence of hydrogen
peroxide under acidic conditions.[48] Using LED-NMR and photo-
flow ESI-MS monitoring, 16 was identified as key intermediate
when pyrrolidine was used as substrate (Figure 10, B). This
observation suggested that oxygen might also serve as a
suitable oxidant and the authors subsequently showed that an
aerobic oxidation is indeed feasible.

Reaction monitoring further gave key insights in the photo-
catalytic C(sp3)-F bond cleavage of trifluoromethylarenes to
produce aryldifluoromethyl compounds using stoichiometric
amounts of pinacolborane (HBpin) and 2,2,6,6-tetrameth-

ylpiperidine (TMP). (Figure 10, C).[49] Using a LED-NMR setup the
authors tracked the reaction via 11B-NMR and observed the
formation of borenium cation 17. Subsequent mechanistic
experiments indicated that this Lewis acidic species, which is
formed in situ from protonated TMP and HBpin, plays an
important role in the key C� F bond abstraction.

In a collaborative effort, the groups of Gschwind and Wolf
showed that [Ir(dtbbpy)(bpy)2]PF6 can trigger the reaction of
white phosphorous (P4) and aryl iodides to yield valuable
triarylphosphines and tetraarylphosphonium salts in presence
of blue light and triethylamine as sacrificial electron donor.[50]

Time resolved 31P-NMR analysis of the reaction between P4 and
iodobenzene using a LED-NMR setup was used to track the
reaction. These experiments visualized the evolution and
consumption of primary, secondary and tertiary monophos-
phine intermediates, and identified traces of Ph4P2, benzene
and Et2NH as minor side-products (Figure 11). A follow-up study
using an organic photocatalyst (3DAFIPN) revealed numerous
additional intermediates and side-products that are derived
from a non-innocent behavior of Et3N.

[51] Of specific interest was
the identification of PH3, which prompted the authors to
develop an alternative strategy that can directly convert this
industrial P1 precursor to several Ar3P and Ar4P

+ products using
a similar photocatalytic protocol.

3.2. Kinetic analysis

Reaction monitoring enables detailed kinetic analysis to gain a
holistic understanding of chemical reactions under native
reaction conditions. In the case of photocatalytic reactions, care
has to be taken, as kinetic studies may give data obfuscated by
turnover-limiting processes derived from interaction between
the excited photocatalyst and the respective quencher. In other
words, the practitioner has to keep in mind that, depending on
the conditions, the reaction of interest may be “photon-limited”
or “photon-unlimited”. Under photon-limited conditions, reac-
tion rates depend on the absorption of photons and are
typically zero-order in the photocatalyst. Photon-unlimited
regimes refer to a situation where the quencher is constantly
saturated with excited photocatalyst species. Under such
conditions, the excited photocatalyst can be essentially treated
as a reagent in high excess.

Yoon and colleagues studied the kinetics of an enantiose-
lective intramolecular [2+2] cycloaddition that is catalyzed by a
chiral iridium photocatalyst (Figure 12).[52] The authors initially
monitored the concentration of substrate and product over
time using an LED-NMR setup, which showed that the reaction
is complete within less than three minutes. Initial rate studies
by several LED-NMR experiments showed a first order depend-
ency in photocatalyst concentration and light intensity (Fig-
ure 12) as well as zero-order in substrate. Consequently, the
authors concluded that the model reaction operates in a
photon-unlimited regime under these monitoring conditions.

More recently, the same group reported a detailed kinetic
analysis of a related intermolecular [2+2] cycloaddition using
the same chiral photocatalyst.[53] Visual kinetic analysis techni-

Figure 10. Intermediates identified through reaction monitoring of the
photocatalytic Meerwein arylation (A) the photocatalytic oxygenation of
amines (B), and the photocatalytic C(sp3)-F bond cleavage of trifluorometh-
ylarenes (C).

Figure 11. Intermediates and side products in the photocatalytic arylation of
white phosphorous identified through reaction monitoring using LED-NMR.
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ques using data obtained from LED-NMR monitoring experi-
ments were used to extract kinetic information. A “same excess”
experiment was carried out. Here, the initial concentration of
starting materials for two reactions using LED-NMR monitoring
was different, but chosen in a way that the experiments allow
comparison of sections of the reaction profiles that have same
concentration of reactants, but different concentration of
product. These experiments mimic different turnovers of the
catalyst to determine if the reaction suffers from product
inhibition or catalyst deactivation. Non-overlaying reaction
profiles are indicative for product inhibition or catalyst
deactivation and require further experiments for clarification.
The same excess experiment of the [2+2] cycloaddition of 18
and maleimide indeed showed that the profiles do not overlay
(Figure 13, bottom left). The authors carried out additional
experiments in presence of the enantioenriched product and
the matched and mismatched chiral photocatalyst, which
provided evidence that product inhibition by the major
enantiomer is responsible for the outcome of the same excess
experiment (Figure 13, bottom right).

Next, rate laws for the title reaction at different temper-
atures were constructed from reaction profiles using variable
time normalization analysis (VTNA).[53] Therefore, multiple reac-
tion profiles are collected by strategically changing the
concentration of a single ingredient of the reaction mixture
(“different excess” experiments). Normalizing the time between
each pair of data points using the VTNA approach enables to
determine the order in each parameter through a graphical
overlay comparison. Therefore, the time-scale is substituted by
the time integral of the reagent concentration, taken to an
arbitrary power α [Eq. (1)]. The value for α that leads to an
overlay of the graphs, is the order of the respective reagent.

Zt¼n

t¼0

A½ �adt ¼
Xn

i¼1

A½ �i � A½ �i� 1
2

� �
a

ðti � ti� 1Þ (1)

Interestingly, VTNA of the cycloaddition resulted in different
rate laws at different temperatures (Figure 14). Under both
conditions the rate is first-order in light intensity and zero-order
in photocatalyst concentration, which is indicative of a photon-
limited regime. The dependency on the substrates, on the
contrary, changes depending on the temperature. This suggests
that the mechanism of asymmetric product formation varies as
a function of temperature. The rate law obtained under
cryogenic conditions agrees with a bimolecular energy transfer
mechanism that was previously postulated based on DFT
calculations,[54] whereas the rate law at room temperature is
more indicative for an intramolecular energy transfer mecha-
nism.

Figure 12. Initial rate kinetic analysis using LED-NMR of an enantioselective
photocatalytic intramolecular [2+2] cycloaddition. Reproduced from ref.
[52] with permission from John Wiley and Sons. Figure 13. Same excess experiments of a photocatalytic intermolecular [2

+2] cycloaddition. Left: Same excess comparison between standard
condition and conditions that mimic 40% conversion. Right: Comparison of
standard conditions to conditions approximating 30–50% conversion with
the addition of the expected concentration of the product. Blue=matched Ir
and product chirality; green=mismatched Ir and product chirality. Repro-
duced from ref. [53] with permission from the American Chemical Society.

Figure 14. Rate laws of a photocatalytic intermolecular [2+2] cycloaddition
determined at different temperatures using LED-NMR monitoring and VTNA.
Bottom right: VTNA overlay for [Ir] at 24 °C. Reproduced from ref. [53] with
permission from the American Chemical Society.
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VTNA was also applied to study the metallaphotocatalytic
C� O arylation of methyl 4-iodobenzoate (21) with N-Boc-proline
(22) using a nickel catalyst in combination with either Ir(ppy)3
or a graphitic carbon nitride (CN-OA-m) as photocatalyst
(Figure 15).[25a] Due to the heterogeneous nature of CN-OA-m,
an ATR-FTIR probe was the reaction monitoring tool of choice
for this comparative study. The reaction was studied with both
photocatalysts under photon-limited and photon-unlimited
conditions. The photon-unlimited regime was postulated to be
of specific interest, because under such conditions the photo-
catalyst drops out of the rate law enabling a direct comparison
of both methods. Interestingly, the authors found that the
kinetics of the two catalytic systems are not identical. In case of
the carbon nitride catalyst, a fractional order of aryl iodide 21

was determined, indicating that the photocatalyst activates 21
before it enters the nickel catalytic cycle. The authors further
found that the iridium photocatalyst is less selective under
photon-unlimited conditions and identified a significant
amount of the corresponding protodehalogenation side prod-
uct. Moreover, same excess experiments indicated catalyst
deactivation, which was later shown to be likely resulting from
the formation of nickel-black.[55]

A metallaphotocatalytic cross-electrophile-coupling of aryl
bromide 23 and alkyl bromide 24 was investigated using online
monitoring with a LED-NMR setup (Figure 16).[56] The initial
reaction profile (19F-NMR) showed not only the generation of
the desired product, but also led to the identification of two
minor side products arising from a coupling reaction of the aryl
bromide with the solvent (Ar-solv) and protodehalogenation of
24 (Ar� H). More importantly, a transient NiII species (25) was
identified. Isotope entrainment experiments using 25 in pres-
ence of 26, the photocatalyst and light unveiled a hitherto
unreported exchange phenomenon (Figure 16, A). Based on
that finding, further investigations were carried out, which
provided evidence for a mechanistic scenario in which product
formation occurs directly through 25 (Figure 16, B).

With that finding in hand, the authors performed a detailed
visual kinetic analysis that included alterations of all seven
components of the catalytic cocktail (40 different sets of
conditions). These investigations led to a series of important
insights into this transformation under LED-NMR conditions. For
example, the rate of the aryl bromide consumption was shown
to be controlled by the concentration of the Ni catalyst, the
photocatalyst, the photon flux and the aryl bromide (23). The
rate of turnover approaches concentration independence (=
saturation) in 23. Excess of (TMS)3SiH and 24 are responsible for
the high selectivity of this C� C coupling. Changes in catalyst
loadings do not necessarily translate directly into changes in
the rate of productive catalysis. Moreover, complex 25 and the
photocatalyst compete for incident photons. With these data in
hand, the authors constructed a minimal kinetic model for the
title reaction (Figure 17, A). The flow diagram shows five
discrete events that control the rate of product formation
(fractionations f1-f5). A series of simulations using this model
resulted in kinetic behavior that is reconciled with two plausible
mechanisms, which only differ in the interaction between the
photo- and the nickel catalyst (single electron transfer versus
energy transfer) (Figure 17, B).

3.3. Miscellaneous

Reaction monitoring is not only a powerful tool to identify
intermediates and gain kinetic information, but also allows to
gain insights into other aspects of photocatalytic reactions. For
example, a LED-NMR setup was used to visualize that tert-butyl
nitrite (TBN) is key to realize the light-mediated cleavage of
benzyl ether protective groups using 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) as photocatalyst (Figure 18, A).[57] In
the absence of TBN, the reaction stopped after a single turnover
of the photocatalyst. Delayed injection of excess TBN immedi-

Figure 15. Rate laws of a metallaphotocatalytic C� O arylation obtained using
ATR-FTIR monitoring and VTNA using two different photocatalysts under
photon-limited and photon-unlimited reaction regimes.

Figure 16. Metallaphotocatalytic cross-electrophile-coupling studied via LED-
NMR reaction monitoring identified a photochemical exchange phenomen-
on (A). This provided evidence that intermediate 25 is responsible for
product formation (B). Reproduced from ref. [56] with permission from the
American Chemical Society.
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ately started further product formation and the reaction
proceeded until completion. This provides evidence that TBN
photochemically releases NO, which is ultimately oxidized to
NO2 by dissolved O2 (Figure 18, B). The potent gaseous oxidant
converts 2,3-dichloro-5,6-dicyano-1,4-dihydroquinone (DDQH2)
to DDQ to close the catalytic cycle.

The authors further carried out a light on/off experiment
using the LED-NMR setup that showed that no product is
formed when the light source is switched off. Such experiments
are carried out to study if chain processes are active or not.
However, care has to be taken when conclusions are drawn
from such experiments, because no product formation in the

absence of light does not conclusively rule out radical chain
involvement.[58]

Nevertheless, light on/off experiments can lead to important
discoveries. An interesting example was reported by Lenherr, Ji
and coworkers during their development of a cycloisomeriza-
tion of alkynols using an iron pre-catalyst that is activated using
visible-light (Figure 19).[59] In addition to qualitative observations
that showed an induction period, initial rate studies to identify
the photon-limited and unlimited regime, same-excess experi-
ments that indicated catalyst deactivation and reaction progress
kinetic analysis, the authors observed an unexpected behavior
during light on/off experiments using a LED-NMR setup (Fig-
ure 19, A). When the light source was switched off, the reaction
did not stop immediately, but the rate of product formation
significantly decreased. Subsequently, experiments using a
catalyst with 13C-enriched CO ligands and LED-13C-NMR monitor-
ing were carried out to study if the light-mediated CO
decomplexation that initiates catalysis is reversible. These
monitoring experiments showed a decrease of dissolved 13CO
and a simultaneous increase of Fe-bound 13CO upon switching
off the light source (Figure 19, B). Constant illumination, on the
contrary, results quickly in a steady state of both species that
lasts until the substrate is fully consumed (Figure 19, C). This is
indicative for an equilibrium between the catalytically inactive
pre-catalyst 27 and the active Fe species 28 that can be
externally controlled by light (Figure 19, D). It is important to
note that the authors also found that removal of CO from the
reaction mixture by sparging leads to catalyst deactivation,
presumably due to the loss of another CO molecule from 27. As

Figure 17. Minimal kinetic model for simulations of the metallaphotocata-
lytic cross-electrophile coupling (A). These simulations agree with two
mechanistic proposals (B).

Figure 18. Reaction monitoring of a photocatalytic benzyl ether cleavage.
Only one turnover of the photocatalyst is observed before addition of TBN
(A), because TBN is required to close the catalytic cycle (B). Reproduced from
ref. [57] with permission from the American Chemical Society.

Figure 19. Reaction monitoring of a light induced cycloisomerization. The
reaction proceeds quickly in presence of constant irradiation (blue) and does
not stop when light is switched off (red) (A). LED-13C-NMR shows light-
mediated CO complexation in the dark (B) that does not occur upon
constant irradiation (C) indicating that light mediated catalyst activation is
reversible (D). Reproduced from ref. [59] with permission from the American
Chemical Society.
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such, best results were obtained using constant irradiation and
a closed system with minimal headspace.

4. Conclusion

Reaction monitoring is slowly evolving as a valuable technique
to acquire a better understanding of photocatalytic reactions.
As shown in this minireview, such approaches are powerful
tools that allow identifying reactive intermediates and access
detailed kinetic information when combined with visual kinetic
analysis. In addition, other aspects of photocatalytic reactions
can be easily visualized. Together with other experiments,
reaction monitoring paves the way towards a detailed mecha-
nistic understanding of complex photocatalytic reactions.
However, the field is still in its infancy and such methods are
only rarely used, especially when compared to the plethora of
new photocatalytic methodologies that appear in the literature
on a daily basis.

To choose a suitable method, the type of mechanistic
information required and the nature of the photochemical
reaction of interest needs to be considered. Photoflow ESI-MS
approaches allow qualitative analysis of intermediates, includ-
ing short lived open-shell species. LED-NMR setups can also be
used to track intermediates and additionally offer the oppor-
tunity for kinetic analysis. The small scale of LED-NMR experi-
ments is characterized by short photon-path lengths, which
facilitates photochemical experiments. Similarly, these dimen-
sions ensure efficient heat-transfer and are ideally suited for
investigating temperature effects in photocatalytic reactions.
However, in case of multiphasic reactions, such as heteroge-
neous photocatalysis and reactions involving solid or gaseous
reagents, efficient mixing is required to enable reliable and
reproducible kinetic analysis. In such cases, FTIR probes are the
technology of choice. This technique allows to run photo-
catalytic reactions under synthetically relevant conditions and is
generally applicable for obtaining kinetic data, but does only
provide limited structural information of intermediates and
side-products. These individual limitations can be potentially
addressed through combining two (or more) monitoring
techniques. The combination of vibrational and optical spectro-
scopy probes is technically most straightforward.[25e] Moreover,
fiber optic LED-NMR was combined with optical spectroscopy
to simultaneously acquire UV/Vis and NMR spectra to monitor
and quantify paramagnetic and diamagnetic species simulta-
neously in a time-resolved manner.[21] Combining ESI-MS with
other monitoring techniques in a single device was, to the best
of our knowledge, not yet realized for photocatalytic reactions.
We anticipate that future efforts will overcome technical hurdles
associated with combining multiple monitoring techniques to
streamline mechanistic analysis of light-mediated transforma-
tions.
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