
Detection of Fleeting Amine Radical Cations and Elucidation of Chain
Processes in Visible-Light-Mediated [3 + 2] Annulation by Online
Mass Spectrometric Techniques
Yi Cai,†,§ Jiang Wang,‡,§ Yuexiang Zhang,†,§ Zhi Li,† David Hu,† Nan Zheng,*,‡ and Hao Chen*,†

†Department of Chemistry and Biochemistry, Center of Intelligent Chemical Instrumentation, Edison Biotechnology Institute, Ohio
University, Athens, Ohio 45701, United States
‡Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville, Arkansas 72701, United States

*S Supporting Information

ABSTRACT: Visible-light-mediated photoredox reactions have recently
emerged as a powerful means for organic synthesis and thus have
generated significant interest from the organic chemistry community.
Although the mechanisms of these reactions have been probed by a
number of techniques such as NMR, fluorescence quenching, and laser
flash photolysis and various degrees of success has been achieved,
mechanistic ambiguity still exists (for instance, the involvement of the
chain mechanism is still under debate) because of the lack of structural
information about the proposed and short-lived intermediates. Herein,
we present the detection of transient amine radical cations involved in the
intermolecular [3 + 2] annulation reaction of N-cyclopropylaniline (CPA,
1) and styrene 2 by electrospray ionization mass spectrometry (ESI-MS)
in combination with online laser irradiation of the reaction mixture. In
particular, the reactive CPA radical cation 1+•, the reduced photocatalyst
Ru(I)(bpz)3

+, and the [3 + 2] annulation product radical cation 3+• are all successfully detected and confirmed by high-resolution
MS. More importantly, the post-irradiation reaction with an additional substrate, isotope-labeled CPA, following photolysis of 1,
2, and Ru catalyst provides strong evidence to support the chain mechanism in the [3 + 2] annulation reaction. Furthermore, the
key step of the proposed chain reaction, the oxidation of CPA 1 to amine radical cation 1+• by product radical cation 3+•

(generated using online electrochemical oxidation of 3), is successfully established. Additionally, the coupling of ESI-MS with
online laser irradiation has been successfully applied to probe the photostability of photocatalysts.

■ INTRODUCTION

Photoredox catalysis has recently become a topic of intense
study in the field of organic chemistry.1 The heightened interest
in this topic is likely attributed to photoredox catalysis’
versatility in generating radicals using light under mild
conditions, a specific mode of activation that is different from
how radicals are produced under non-photo conditions.2 As
such, it provides a means to explore radical chemistry that is
complementary to that under non-photo conditions. Moreover,
photoredox catalysis’ ability to merge with other types of
catalysis to form dual catalysis further expands its utility far
beyond the scope of traditional radical chemistry.3

In contrast to the furious activity in method development for
photoredox catalysis, mechanistic studies have been rather
scarce.4 In the published, limited results, there exists
controversy, such as whether photoredox reactions involve
chain processes. This is an important mechanistic question in
method development as different approaches are required to
optimize the two processes separately. Light/dark experiments
have been often used to differentiate them.4−6 However, there
remains the ambiguity of interpreting the results of light/dark

experiments; the chain mechanism was established by other
methods, whereas light/dark experiments disproved its
involvement.6a,b Quantum yield measurements are, in principle,
a more general and sensitive method to differentiate the two
competing processes. However, a wide range of quantum yields
from 1.3 to 77 across several types of photoredox reactions
have been reported,4g−i,6b which makes distinction of the two
processes more difficult, particularly for those with quantum
yields close to 1. Clearly, there is a strong need for the
development of new tools that allow for explicit elucidation of
photoredox reaction mechanisms including identification of
both the photoredox process and the chain mechanism.
Photoredox reactions pose a significant challenge to chemists

who are interested in studying their mechanisms. They are
typically fast and reversible, and the intermediates are short-
lived. A variety of techniques such as NMR, EPR, fluorescence
quenching, quantum yield measurement, and laser flash
photolysis have been employed to study photoredox
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reactions.4,6 However, these spectroscopic methods usually lack
structural information on the transient intermediates. Mass
spectrometry (MS) has become a powerful technique for
detecting and characterizing short-lived reaction intermediates
as well as studying reaction mechanisms since the advent of soft
ionization methods such as electrospray ionization (ESI)7 and
desorption electrospray ionization.8 The inherent high
sensitivity and rich mass information provided by MS
measurements distinguish it from other commonly used
methods. Moreover, in comparison to traditional spectroscopic
approaches, it is a general technique and does not need
chromophore-carrying substrates for investigating reaction
mechanisms. However, the probed species such as substrates,
catalysts, intermediates, or products must carry a charge, and
sometimes the detection can suffer from ion suppression effects
due to the matrix effect.
We recently developed an intermolecular [3 + 2] annulation

of N-cyclopropylanilines with alkenes by photoredox catalysis
(Scheme 1).9 This reaction displays some excellent features for

a synthetic method such as broad functional group compati-
bility, 100% atom economy, and an overall redox-neutral
process. The scope of this reaction was later expanded to
include various π bonds.10 These results have opened new
avenues for the use of aniline-substituted cyclopropanes as
synthetic building blocks.11 Mechanistically, these methods are
all believed to proceed through ring opening of the amine
radical cations of N-cyclopropylanilines. This process has been
previously studied by EPR12a and electrochemical methods.12b

However, it has not been studied in the context of a complete
catalytic cycle, which is more relevant to our efforts in
expanding this reaction class to include other types of amine-
substituted carbocycles. Therefore, we were eager to study the
complete catalytic cycle of the [3 + 2] annulation reaction.
Herein, we designed a series of online ESI-MS apparatus

(Figure 1) that allowed the direct detection of the short-lived
intermediates including the substrate radical cation 1+• and the
product radical cation 3+• from the visible-light-mediated [3 +
2] annulation catalyzed by Ru(II)(bpz)3(PF6)2 (see structures
of 1+• and 3+• in Scheme 2).9 Although MS in combination
with online photolysis (e.g., using a lamp or laser to irradiate a
reaction mixture prior to MS detection) has been previously
reported in literature,7q,13 this type of setup has been rarely
used to study the mechanism of visible-light-triggered photo-
redox reactions.7q Moreover, none of the reported MS studies
provided any conclusive evidence for the chain reaction
mechanism involved in photoredox reactions. Our setup not

only allows for the direct detection of elusive reaction
intermediates via online photolysis using a laser pointer (Figure
1a) but also enables it to be coupled with an online
microreactor to study the reactivities of the reaction
intermediates. For instance, another reagent such as CPA-d5
was introduced downstream via a second channel (Figure 1b).
In addition, for those intermediates that could not be generated
photochemically (e.g., the radical cation of the [3 + 2]
annulation product 3+•), electrolysis was employed as an
alternative way to generate radical cation 3+•, whose reactivity
could then be monitored online by MS (Figure 1c). A
combination of electrochemistry with MS has been one of our
research focuses and has applications for studying redox
chemistry of both small organic molecules and large protein
molecules.8d,14 In this study, using the setup, we obtained
unequivocal evidence to support the involvement of the chain
processes in the [3 + 2] annulation reaction. Because the setup
is flexible and modular, we believe that it can be easily adopted
to study other photoredox reactions.

■ RESULTS AND DISCUSSION
Apparatus. A high-resolution Q Exactive Plus hybrid

quadrupole−Orbitrap mass spectrometer (Thermo Fisher
Scientific, San Jose, CA) was used in this study. As shown in
Figure 1a, to probe reaction intermediates, the commercial ESI
ion source was removed to accommodate an in-house-made

Scheme 1. Intermolecular [3 + 2] Annulation of N-
Cyclopropylaniline 1 and Styrene 2 Catalyzed by
Ru(II)(bpz)3(PF6)2

Figure 1. (a) Apparatus showing direct monitoring of the photoredox
reaction by online ESI-MS. (b) Apparatus allowing the post-irradiation
reaction event to be investigated: a reaction mixture is introduced into
the silica capillary, photoexcited by the laser pointer, and then mixed
with an isotope-labeled new substrate introduced via channel 2. (c)
Apparatus for investigating the reactivity of the radical cation
generated via online electrolysis: a thin-layer electrochemical flow
cell is connected with an ion source, and a substrate is introduced via
channel 2 for testing the key electron transfer step involved in the
chain mechanism. AE, RE, and WE represent auxiliary electrode,
reference electrode, and working electrode, respectively.
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ESI source. A piece of fused Silica capillary (100 μm i.d., 198
μm o.d.) was used to deliver the reaction mixture solution for
online photolysis and online ESI-MS analysis (Figure 1a). An
irradiation window on the silica capillary (1 cm wide), located
ca. 5 cm upstream from the ESI emitter tip, was made by
burning away the organic capillary coating with flame. A laser
pointer (403 nm, 50 mW, LaserPointerPro, HK) was employed
as a light source to irradiate the reaction solution in the
capillary to trigger the photoredox reaction as the solution
flowed by the irradiation window. The laser pointer was held
about 5 cm away from the irradiation window. A high voltage
+5 kV was applied to ionize the reaction mixture, with the
assistance of 170 psi N2 nebulization gas. The reaction solutions
were all rigorously degassed with argon before irradiation. The
flow rate for infusing the reaction mixture solution through the
silica capillary was 100 μL/min. The transportation time for the
reaction mixture flowing from the irradiation window to the
ESI emitter tip was about 236 ms (dead volume = 0.393 μL,
flow rate = 100 μL/min).
To investigate the chain propagation process, the original MS

setup described in Figure 1a was modified to perform a
sequential reaction experiment (Figure 1b), in which a reaction
mixture (e.g., a mixture of N-cyclopropylaniline (CPA) 1,
styrene 2, and Ru(II)(bpz)3(PF6)2 4) was introduced into the
silica capillary via channel 1 (50 μL/min), photoexcited by the
laser pointer, and then mixed with an isotope-labeled new
substrate (introduced via channel 2, 50 μL/min). Upon mixing,
the added substrate reacted with the photoexcited reaction
mixture in the downstream capillary serving as a microreactor
prior to MS detection. Because the isotope-labeled substrate
was added after the photolysis of the reaction mixture, positive
identification of the product derived from the added isotope-
labeled substrate could be used as evidence to support the chain
propagation process. The inherent high sensitivity of MS
enabled detection of the product in minute amounts, which
made this apparatus far more sensitive than dark/light
experiments.
Alternatively, photolysis could be replaced by electrolysis to

generate the amine radical cation of product 3. As shown in
Figure 1c, an electrochemical flow cell with a magic diamond
electrode (details shown in the text below) was used in our
experiment. Amine radical cation 3+• was then mixed with CPA
1 introduced via channel 2 to examine its reactivity by online
MS monitoring. In this case, high voltage was not applied to the
ESI source to avoid a voltage conflict issue between the
electrochemical cell and the ion source. Photos of all of the
experimental setups mentioned above are included in the
Supporting Information (Figure S1).
Detection of Amine Radical Cations. CPA 1 and styrene

2 were chosen as the model substrates (Scheme 1) to
investigate the intermolecular [3 + 2] annulation catalyzed by
Ru(II)(bpz)3(PF6)2 4 using the ESI-MS setup with online
photolysis shown in Figure 1a. We selected this pair of
substrates because both were extensively studied in the initial
development of the annulation reaction.9,10

As previously proposed (Scheme 2),9 upon irradiation,
Ru(II)(bpz)3

2+ is promoted to the photoexcited triplet state
Ru(II)*(bpz)3

2+, which oxidizes CPA 1 to amine radical cation
1+• with the concomitant formation of Ru(I)(bpz)3

+. Amine
radical cation 1+• subsequently undergoes ring opening and is
then added intermolecularly to styrene 2 to produce the [3 + 2]
annulation product radical cation 3+•. Reduction of 3+• by
Ru(bpz)3

+ completes the catalytic cycle. Alternatively, a chain

mechanism involves the oxidation of CPA 1 by amine radical
cation 3+• to a new radical cation 1+• while 3+• is reduced to
product 3, allowing closure of the catalytic cycle.
To probe the above reaction mechanism, online irradiation

and detection experiments using the aforementioned apparatus
(Figure 1a) were first carried out. In this experiment, we started
with the examination of the reaction between Ru(II)-
(bpz)3(PF6)2 4 and CPA 1 under the photolysis conditions.
A mixture of [Ru(II)(bpz)3](PF6)2 4 (0.0004 mmol, 100 μM)
and CPA 1 (0.02 mmol, 5 mM) in 4 mL of CH3NO2 was
infused at a flow rate of 100 μL/min through the silica capillary
for ESI-MS detection after argon degassing. An ESI-MS
spectrum was acquired without irradiating the reaction solution
flowing through the capillary with a laser (Figure 2a). Ions of
m/z 134 (measured m/z, 134.0966; theoretical m/z, 134.0964;
error, +1.5 ppm) and m/z 288 (measured m/z, 288.0408;
theoretical m/z, 288.0405; error, −1.0 ppm) were detected,
corresponding to the protonated CPA [1 + H]+ and
Ru(II)(bpz)3

2+, respectively. We noticed that there was a
small peak for 1+• (measured m/z, 133.0888; theoretical m/z,
133.0886; error, +1.5 ppm; Figure 2a, inset) with an intensity of
1.69 × 106 (arbitrary units). We attributed the formation of 1+•

to in-source oxidation of 1 during the ESI ionization process,15

as it was still observed in the absence of Ru catalyst 4.
Furthermore, the reduced Ru(I) species was not observed.
Next, when the laser pointer was turned on to irradiate the

mixture in the capillary through the irradiation window, the
intensity of the 1+• peak increased 17-fold (Figure 2b, inset),
which was ascribed to the photo-oxidation of 1. Amine radical
cation 1+• could undergo ring opening to furnish the distonic
radical cation. However, ESI-MS cannot differentiate the two
species because they have the same mass. Additionally, a
reduced Ru catalyst peak of Ru(I)(bpz)3

+ at m/z 576
(measured m/z, 576.0815; theoretical m/z, 576.0815; error,
0.0 ppm) was also detected. The inset in Figure 2b clearly
shows the zoomed-in spectrum of Ru(I)(bpz)3

+ at m/z 576 (in
black), which matches well with its theoretical isotopic peak
distribution (in red). This experimental result supports the
photooxidation of CPA 1 by photoexcited Ru(II)*(bpz)3

2+.2d A
control study in which CPA 1 from the reaction mixture was
replaced by styrene 2 (Figure S2) showed no formation of
Ru(I)(bpz)3

+, excluding the possibility of a redox reaction
between Ru(II)*(bpz)3

2+ and styrene 2. Both results were
consistent with Stern−Volmer studies in which CPA 1 was

Scheme 2. Proposed Mechanism for the [3 + 2] Annulation
Reaction of N-Cyclopropylaniline 1 and Styrene 2 Catalyzed
by Ru(II)(bpz)3(PF6)2

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.7b06319
J. Am. Chem. Soc. 2017, 139, 12259−12266

12261

http://pubs.acs.org/doi/suppl/10.1021/jacs.7b06319/suppl_file/ja7b06319_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b06319/suppl_file/ja7b06319_si_001.pdf
http://dx.doi.org/10.1021/jacs.7b06319


shown to be an effective quencher for Ru(II)*(bpz)3
2+ but

styrene 2 was not (Figures S14 and S16).
Next, we monitored the [3 + 2] annulation of CPA 1 and

styrene 2 in CH3NO2 with Ru catalyst 4 using ESI-MS. A
degassed mixture of [Ru(bpz)3](PF6)2 4 (0.0004 mmol, 100
μM), CPA 1 (0.02 mmol, 5 mM), and styrene 2 (0.4 mmol, 0.1
M) in 4 mL of CH3NO2 was irradiated inside the capillary by
the laser pointer, and the reaction was monitored online by
ESI-MS. Under irradiation, the protonated [3 + 2] annulation
product [3 + H]+ (m/z 238) (measured m/z, 238.1593;
theoretical m/z, 238.1590; error, +1.2 ppm) was clearly
observed (Figure 2c). Upon collision-induced dissociation
(CID), ion m/z 238 gave rise to a fragment ion of m/z 145 by
loss of C6H5NH2 (Figure S3a), consistent with its assigned
structure. Furthermore, the CID behavior of this ion was
identical to that of the protonated product at m/z 238
generated from ESI of the authentic product compound 3
(Figure S3b), reinforcing the ion assignment. Although a small
peak for CPA radical cation 1+• was seen (Figure 2c, inset; its
intensity is similar to that seen in Figure 2a), it was again
probably due to in-source ESI oxidation of unreacted CPA 1.
There were a few unassigned peaks in Figure 2c, whose
suggested chemical formulas are included in Table S1.
Surprisingly, the product radical cation 3+• was not observed
in the acquired MS spectrum under these conditions, which will
be discussed further subsequently. Notably, Ru(I)(bpz)3

+ (m/z
576) could not been observed in Figure 2c, presumably because
it was consumed in the annulation reaction. This data supports
a photoredox process in which Ru(I)(bpz)3

+ reduces the
product radical cation 3+• to complete the catalytic cycle
(Scheme 2). The two processes, the photoredox process and
the chain mechanism, likely compete against each other and are
intertwined throughout the reaction.

We encountered difficulties in detecting the product radical
cation 3+• during our studies of the online photolysis of CPA 1
and styrene 2 in the presence of Ru catalyst 4 (Figure 2c). We
surmised that a higher concentration of CPA 1 would result in a
faster chain reaction between the product radical cation 3+• and
CPA 1 and thus would shorten the lifetime of 3+•. Alternatively,
a higher concentration of CPA 1 could lead to a higher
concentration of Ru(I) via reduction of the excited Ru(II)
complex, which could also shorten the lifetime of 3+• via a
photoredox process (Scheme 2).
To test this hypothesis and observe radical cation 3+•, we

performed an ESI-MS monitoring experiment by lowering the
concentration of CPA 1 from 5 mM (0.02 mmol in 4 mL of
CH3NO2) down to 10 μM (0.04 μmol in 4 mL of CH3NO2)
for the online photoredox reaction while maintaining the
concentrations of styrene 2 and Ru catalyst 4 the same as those
in the experiments shown in Figure 2 (0.1 M styrene 2 and 100
μM Ru 4). Indeed, when CPA 1 was diluted to 100 μM, the
product radical cation 3+• at m/z 237.1512 (Figure 3c;

measured m/z, 237.1512; theoretical m/z, 237.1512; error,
0.0 ppm) was observed. The signal of 3+• appeared only when
the laser pointer was turned on, supporting it being a
photochemical product. Upon further dilution of CPA 1, the
peak intensity of the CPA radical cation 3+• decreased (Figure
3d). When the concentration of CPA 1 was decreased to 10
μM, the peak at m/z 237 was not observed (data not shown),
probably because the concentration of the resulting 3+• was
below the detection limit of our MS instrument. Notably, the
observed 3+• was not an artifact of the in-source ESI oxidation
product. In a control experiment, ESI of the authentic product
3 did not give rise to an observable signal for 3+•. Furthermore,
direct irradiation of 3 in the presence of Ru catalyst 4 did not
produce 3+• either. These results not only showed the existence
of the proposed product radical cation 3+• in the [3 + 2]
annulation reaction but also verified our hypothesis that a low
concentration of CPA 1 would favor the observation of 3+•.
To further confirm the assignment of observed 3+• and [3 +

H]+ ions, styrene 2 was replaced by styrene-α, β, and β-d3 in the
annulation reaction under otherwise identical conditions. The
protonated final product-d3 (3-d3) at m/z 241 (measured m/z,
241.1778; theoretical m/z, 241.1779; error, −0.4 ppm) and the

Figure 2. (a) ESI-MS spectrum of Ru(II)(bpz)3(PF6)2 and CPA in
CH3NO2 acquired without light irradiation. (b) ESI-MS spectrum of
Ru(II)(bpz)3(PF6)2 and CPA in CH3NO2 with light irradiation. (c)
ESI-MS spectrum of Ru(II)(bpz)3(PF6)2, CPA, and styrene in
CH3NO2 with light irradiation.

Figure 3. Zoomed-in ESI-MS spectra showing the influence of the
CPA concentration on the observation of 3+•: (a) 5 mM CPA, (b) 0.5
mM CPA, (c) 100 μM CPA, and (d) 25 μM CPA. 3+• was observed
when the CPA concentration was decreased to 100 μM. The absolute
intensities for m/z 237.1512 in Figure 3c,d are 2.35 × 105 and 1.43 ×
105 (arbitrary units), respectively. Note that no 1+• was observed in
these experiments, probably due to the presence of excess styrene
(except for a small peak of 1+• seen for the case of 5 mM CPA due to
in-source oxidation). Also, no Ru(I) species was observed.
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product-d3 radical cation (3-d3
+•) at m/z 240.1699 (Figure S5b,

inset, measured m/z, 240.1699; theoretical m/z, 240.1700;
error, −0.4 ppm) were both observed (Figure S5).
Chain Mechanism Investigation. Post-irradiation Chain

Propagation. Encouraged by observing the dependence of
detecting 3+• on the concentration of CPA 1, we decided to
investigate the chain propagation from a different angle: post-
irradiation. The original MS setup described in Figure 1a was
modified to perform a sequential reaction experiment (Figure
1b). A mixing Tee was used to introduce CPA-d5 1-d5 into the
silica capillary microreactor to further react with the irradiated
reaction mixture of CPA 1, Ru(II) catalyst 4, and styrene 2. A
degassed solution of CPA 1 (100 μM), [Ru(bpz)3](PF6)2 4
(100 μM), and styrene 2 (0.1 M) was infused via channel 1 for
irradiation. The degassed solution of CPA-d5 1-d5 (100 μM)
was infused via channel 2. The injection flow rate was 50 μL/
min for both channels. This modified setup allowed the channel
1 reaction solution to be first irradiated by the blue laser pointer
and then mixed with CPA-d5 1-d5 from channel 2 without light
irradiation. If the chain process was involved, then radical cation
intermediates 3+• would induce CPA-d5 to participate in the [3
+ 2] annulation reaction to afford the annulation product-d5.
In a control study with no light irradiation (Figure 4a), m/z

134 and m/z 139 were observed, corresponding to protonated

CPA [1 + H]+ and CPA-d5 [1-d5 + H]+, respectively. When the
laser pointer was turned on for irradiation, the protonated [3 +
2] annulation product [3 + H]+ peak at m/z 238 was clearly
observed. More importantly, a new peak corresponding to the
protonated [3 + 2] annulation product-d5 [3-d5 + H]+ at m/z
243 was also detected (measured m/z, 243.1900; theoretical m/
z, 243.1904; error, 1.6 ppm; Figure 4b, inset). Moreover, before
adding CPA-d5 through channel 2 (only solvent was introduced
via channel 2), the product radical cation 3+• at m/z 237 was
observed (Figure 4b, inset). After mixing, the product radical
cation 3+• disappeared. The consumption of the product radical
cation 3+• with concurrent formation of the CPA product-d5

provided another strong piece of evidence to support the chain
propagation mechanism.
To rule out the possibility that the observed [3-d5 + H]+

resulted from the oxidation of CPA-d5 by the pre-excited
photocatalyst, a second control experiment was carried out in
which a degassed solution of [Ru(bpz)3](PF6)2 4 (100 μM)
and styrene 2 (0.1 M) was infused via channel 1 for irradiation
(CPA 1 was omitted) and the degassed solution of CPA-d5
(100 μM) was infused via channel 2. The injection flow rate for
both channels was kept at 50 μL/min. The protonated CPA-d5
reaction product [3-d5 + H]+ at m/z 243 was not observed
(Figure S6). Presumably because the lifetime of photoexcited 4
is much shorter than the transportation time for the reaction
mixture to flow from the irradiation window to the Tee mixer
(0.74 μs1a vs about 472 ms), the photochemically pre-excited
Ru catalyst 4 could be deactivated before reaching CPA-d5.

Oxidation of Substrate 1 by 3+•. The remaining task in fully
establishing the chain propagation process was to validate the
oxidation of CPA 1 by the radical cation of the annulation
product 3+• (Figure 5a). We initially attempted the generation

of 3+• by photolysis of the authentic reaction product 3 in the
presence of Ru catalyst 4. The targeted 3+• was not observed,
even though Stern−Volmer studies showed that product 3 was
an effective quencher for photoexcited 4, albeit somewhat less
effective than CPA 1 (Figures S14 and S15). We then
attempted chemical oxidation of CPA 1 using a single-electron
oxidant, tris(4-bromophenyl)ammoniumyl hexachloro-
antimonate. Although 3+• was successfully generated, a large

Figure 4. ESI-MS spectra of a post-irradiation reaction: a mixture of
degassed CPA 1 (100 μM), [Ru(bpz)3](PF6)2 4 (100 μM), and
styrene 2 (0.1 M) in CH3NO2 was first irradiated and then mixed with
a degassed solution of CPA-d5 (100 μM) in CH3NO2 introduced via
channel 2 (see apparatus in Figure 1b) for testing the chain reaction
mechanism. (a) the light was turned off. (b) the light turned on. The
inset shows a zoomed-in view of the ESI-MS spectrum from an
irradiation experiment without adding CPA-d5.

Figure 5. ESI-MS for monitoring of the oxidation of CPA 1 by 3+•: a
degassed solution of product 3 (1 mM) and LiOTf (1 mM) in ACN
was infused into the electrochemical flow cell to generate 3+•, which
reacted with CPA 1 (introduced via channel 2). (a) Chemical equation
showing the reaction between 3+• and 1. (b) ESI-MS spectra
(background subtracted) showing the formation of radical cation 3+•

when the oxidation potential was applied to the cell (black line, only
solvent ACN was introduced via channel 2; red line, CPA 1 was
introduced via channel 2). (c) ESI-MS spectrum (background
subtracted) showing the formation of CPA radical cation 1+• when
the cell was turned on and CPA 1 was introduced in channel 2.
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amount of the oxidant remained. Because the unreactive
oxidant could directly oxidize 1 and thus interfere with the
targeted oxidation of 1 by 3+•, we had to abandon this approach
too.
Finally, we decided to focus on the generation of 3+• using

electrochemical oxidation of 3. The setup described in Figure
1b was modified by adding a thin-layer electrochemical flow cell
to perform the electrochemical oxidation (Figure 1c). A magic
diamond electrode (12 × 30 mm) was used with LiOTf as the
supporting electrolyte. The electrochemical flow cell was
connected to a Tee mixer through which CPA 1 was
introduced. A solution of the annulation product 3 (1 mM)
and LiOTf (1 mM) in CH3CN was infused into the flow cell,
and CH3CN was first infused via channel 2. A potentiostat was
used to apply potential for electro-oxidation. The injection flow
rate for both channels was 10 μL/min. When +3.0 V was
applied to the flow cell to trigger the electrochemical oxidation
of 3, the targeted radical cation 3+• was observed (Figure 5b,
black line). When the solvent, CH3CN, was replaced by CPA 1
in CH3CN (100 μM) in channel 2, the signal of 3+• decreased
(Figure 5b, red line) with concomitant formation of the CPA
radical cation 1+• (Figure 5c). This set of data validated the
oxidation of CPA 1 by the product radical cation 3+•, which was
also supported by our cyclic voltammetric measurements of 1
and 3 (Figure S8). Both have a very similar oxidation potential
(ca. 0.8 V vs SCE).
To rule out the possibility that the observed CPA radical

cation 1+• was formed by reacting with other species in the
oxidized solvent, a control experiment was performed in which
only LiOTf (1 mM) in CH3CN (without 3) was infused into
the cell for oxidation under the same conditions and then
mixed with CPA 1 (100 μM). In this control experiment, no
CPA radical cation 1+• was generated (Figure S7), indicating
that no other species from the electrochemical cell except 3+•

could oxidize CPA 1.
Quantum Yield Measurement. To corroborate our MS

studies on the elucidation of the chain mechanism, we
measured the quantum yield of the [3 + 2] annulation of
3,5-dimethylcyclopropylaniline 5 and styrene 2. Using
potassium ferrioxalate as an actinometer and a 300 W xenon
lamp (50% light intensity, 439 ± 5 nm bandpass filter, high
transmittance), we determined the quantum yield at time
intervals of 15, 30, and 60 min (Figures S9−S12),4g,i,6b and the
quantum yield was calculated to be 1.64, 1.68, and 1.44,
respectively, which stayed above 1 during the course of the
experiment, supporting the chain mechanism. The low
quantum yield on its own could lead to ambiguity in
deciphering the chain mechanism4g and therefore would
require additional studies. However, our MS studies provided
unequivocal evidence to support the chain mechanism.
On the basis of the low quantum yield we obtained for the [3

+ 2] annulation, we anticipated that light/dark experiments
might not reveal the chain mechanism. Not surprisingly, similar
to Stephenson’s,6a Yoon’s,6b and others’4i,5 results, we observed
that the annulation occurred only in the presence of light and
stalled when the light source was off (Figure 6, details shown in
the Supporting Information). Again, as with other reports, this
result revealed the limitation of light/dark experiments to
disprove the chain mechanism. The failure of light/dark
experiments in distinguishing photoredox mechanisms from
chain mechanisms is presumably due to the premise that most
of the reactions under photoredox catalysis contain a short
radical chain. Unfortunately, light/dark experiments do not

have a response fast enough to detect the radical chain. Our
apparatus (Figure 1) not only possesses the inherently fast
response of online ESI-MS methods but also enables coupling
with an online photomicroreactor or an electrochemical cell to
monitor post-irradiation reaction products (e.g., the [3 + 2]
annulation product of CPA-d5 in the dark, Figure 4b; oxidation
of CPA 1 by electrochemically generated 3+•, Figure 5). Both
features make our apparatus a powerful tool to detect chain
processes in photoredox reactions.

Photostability of Catalyst. Photostability is one of the key
features of a good photocatalyst. However, because of the
presence of various in situ generated radical species,
deactivation of photocatalysts by adding one of these radical
species to the catalyst’s ligand is often encountered.16 Recently,
the Stephenson group delineated a deactivation pathway for
Ir(ppy)3 via ligand functionalization using a combination of
kinetic, synthetic, and spectroscopic tools.17 We were wonder-
ing whether we could use the online irradiation MS to study the
potential deactivation pathway in the [3 + 2] annulation. This is
particularly relevant to the catalyst used in the annulation
reaction, [Ru(bpz)3](PF6)2 4, which has been shown to be less
stable than other Ru complexes based on our observations. As
shown in Figure 2b, in the absence of styrene 2, a new peak at
m/z 354 was observed, which corresponds to the Ru complex
monoalkylated by CPA. Upon CID (Figure S4), this ion
dissociated into fragment ions [CPA − H]+ (m/z 132), [354 −
CPA]2+ (m/z 288), [354 − PhNHCHCH2]

2+ (m/z 295),
[354 − PhNH2]

2+ (m/z 308), and [Ru(bpz)2 − H]+ (m/z
417), which indeed suggests that it is a covalently bonded
adduct ion of CPA and the Ru catalyst. However, ligand
shedding to the catalyst was not observed. In addition, to our
surprise, in the presence of both CPA 1 and styrene 2, Ru
complex 4 remained intact (Figure 2c). This interesting
observation sheds light on the premise that a less robust
photocatalyst such as Ru(bpz)3](PF6)2 4 could still be used as
long as there are viable reactions to be catalyzed.

■ CONCLUSIONS
The recent surge of activity in visible-light photocatalysis has
prompted organic chemists to study the mechanism of various
reactions under photoredox catalysis. However, the mechanistic
studies of these reactions have proven challenging, as there is
lack of analytical tools that are capable of detecting transient
intermediates in low quantity while also providing rich
structural information. The ESI-MS setup with online

Figure 6. Light/dark experiments for the [3 + 2] annulation.
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photolysis described herein, which requires a small amount of
material (e.g., 400 nmol of both [Ru(bpz)3](PF6)2 4 and CPA
1) and possesses a fast response and high detection sensitivity,
is a powerful tool to study visible-light photocatalysis
mechanistically. The in situ ionization capability of ESI-MS
with online irradiation allows us to detect key and short-lived
species such as amine radical cations and Ru(bpz)3

+ and to
examine the deactivation of photocatalysts. Moreover, by
combining electrochemistry with MS, we are able to prove
the viability of the oxidation of CPA 1 by 3+•, generated by the
electrochemical oxidation of 3. This result along with the post-
irradiation reaction study provides conclusive experimental
support for the involvement of the chain mechanism in the [3 +
2] annulation reaction. Finally, this study provides another
good example of using MS to detect elusive and transient
reaction intermediates in low quantity.7,8 We believe that we
have just scratched the surface of the potential of ESI-MS with
online irradiation and online electrolysis to study visible-light
photocatalysis, and more new applications are anticipated to
come.
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