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Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique
often used for structural elucidation of various molecules. The utility of NMR
for in situ reaction monitoring is represented by the numerous strategies to
conduct chemical reactions inside of the spectrometer, such as rapid-injection
(RI-NMR) and LED NMR. In this work, the design of a combined LED and rapid-
injection NMR (LED-RI-NMR) apparatus is described and showcased in kinetic
studies for three photochemical reactions. The simple design of the LED-RI-
NMR system allows for the introduction of both light and reagents into NMR
samples for in situ reaction monitoring of reactive intermediates. The distin-
guishing features of the LED-RI-NMR system described herein include the
ability to explore and intercept photogenerated intermediates via RI-NMR and
explore the photochemical properties of fleeting intermediates generated by
RI-NMR. We demonstrate the versatility of this experimental tool for the
kinetic study of organophotoredox cycloadditions, Wolff rearrangements, and
azobenzene isomerization reactions.

Nuclear magnetic resonance (NMR) spectroscopy is a foundational
physical technique that correlates structural information with both
reactivity and selectivity in chemical transformations. While mostly
used by chemists for structural elucidation of small and large mole-
cules, the use of internal standards allows for quantitative in situ
reaction monitoring to obtain detailed kinetic information’. Perhaps
unsurprisingly, the advancement of reaction monitoring techniques
often coincides with the development of chemical processes and the
expansion of existing ones, as these techniques provide the necessary
mechanistic insights to navigate the ever-growing chemical landscape.
In this regard, NMR spectroscopy continues to disclose the underlying
mechanisms of many reactions. However, reactions that have short-
lived intermediates (t,, <1s)?, those that require external stimulation
(e.g., illumination), and those that need sufficient mixing to proceed
are, from a practical perspective, challenging to study. Various reac-
tion monitoring techniques such as stopped-flow?®, continuous flow?*,
rapid-injection NMR (RI-NMR)’, and illumination NMR have been
developed to circumvent several of these practical limitations, thereby
expanding the range of reaction systems that can be investigated in
real time (Fig. 1A). For example, LED-NMR emerged as a powerful tool

in the recent renaissance of visible-light-driven chemical reactions and
photoredox catalysis, enabling the study of their underlying
mechanisms®°. The incorporation of LEDs with NMR, initially devel-
oped by Gschwind", was rapidly applied by Lehnherr and Ji, Nicewicz,
MacMillan, amongst others, to investigate various light-driven
systems'>"®, Operationally, this was a significant advancement in reac-
tion monitoring as the experimental conditions of organic transfor-
mations could be transferred inside the NMR spectrometer without
modifying the instrument itself - facilitating widespread adoption of
this technique. While LED-NMR setups are powerful tools for studying
various chemical processes, current reaction monitoring technologies
lack the ability to add additional reagents during the illumination of a
sample inside the NMR spectrometer - mimicking the addition of
chemical reagents to a flask under illumination. The utility of ReactIR
and flash photolysis as reaction monitoring methods circumvents this
issue with limited structural information gained"”. The ability to
perform such experimentation within the NMR spectrometer would
open the door to explore the chemical reactivity of photogenerated
intermediates, as well as the photochemical properties of fleeting
intermediates. Given that our research program is focused on
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A) In-situ Reaction Monitoring via NMR Techniques
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Fig. 1| NMR techniques for in situ reaction monitoring. A Differentiation
between rapid-injection (RI-NMR), stopped-flow, and LED-NMR techniques. RI-NMR
utilizes a glass capillary to deliver a second reagent into the NMR tube. Stopped-
flow employs a flow-cell NMR tube for reaction monitoring. LED NMR uses a sanded
fiber optic cable to introduce light into the NMR tube inside of the spectrometer.
B This work - LED incorporated RI-NMR (LED-RI-NMR) and potential applications of
the system. The LED-RI-NMR system uses a combination of glass capillaries and
fiber optic cables to introduce additional reagents and light sequentially or
simultaneously.

exploring the reactivity of intermediates and the design of RI-NMR
techniques, we were inspired to develop a reaction monitoring system
that combines LEDs with RI-NMR for mechanistic investigations'*".
Herein, we describe the design of an LED-incorporated RI-NMR system
(LED-RI-NMR) that enables the interception of photogenerated inter-
mediates via RI-NMR, and investigation of the photochemical prop-
erties of fleeting intermediates following their generation by RI-NMR
(Fig. 1B). Of note, the tandem illumination injection feature provided
by the LED-RI-NMR system circumvents starting material incompat-
ibilities by allowing for the generation of intermediates before other
starting reagents are added inside the NMR tube. This in situ genera-
tion of sensitive intermediates and their subsequent investigation de
facto expands our ability to both discover and optimize reactions. To
showcase the utility of the LED-RI-NMR system, we investigated orga-
nophotoredox cycloadditions, Wolff rearrangements, and azobenzene
isomerization reactions in detail.

Rapid-injection NMR (RI-NMR) spectroscopy is a conceptually
simple technique that allows for the in-situ generation and character-
ization of reactive intermediates inside the NMR spectrometer'®. Since
McGarrity’s initial conception of the instruments, the primary focus
has been to utilize these reaction monitoring systems as a means of
linking structural and kinetic data together - providing a powerful
physical organic technique to understand how structure impacts
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Fig. 2 | Elucidation of reaction mechanisms through rapid-injection NMR
spectroscopy (RI-NMR). A Mechanistic studies on Lewis-base catalyzed Aldol
additions studied by Denmark. B Pre-transmetalation intermediates in the Suzuki-
Miyaura reaction studied by Thomas and Denmark. C Mechanism studies on con-
jugate addition reactions with dialkyl cuprates studied by Ogle.

reactivity in real time. For example, later RI-NMR systems developed by
Ogle', Denmark’, and Reich® have been invaluable in elucidating the
mechanisms of several classes of organic transformations: especially,
Mukaiyama aldols, Suzuki-Miyaura reactions, as well as organolithium
and organocuprate mediated transformations (Fig. 2). Given our
interest in mechanism driven method development, we have sought
avenues to improve our workflow through the design of RI-NMR sys-
tems that mimic reaction conditions performed on the bench, allowing
for the mechanistic investigation of reactive intermediates under real
life settings. One recent example is the construction of a gas-injector
that precisely and reliably introduces gases into the NMR sample for
reaction monitoring?. This perspective of RI-NMR combined with our
interests in photochemistry, inspired us to construct an LED-
incorporated RI-NMR system that could serve a dual purpose: (1)
introduce light to induce photochemical reactions, and (2) inject
additional reagents to capture photochemical intermediates. Herein,
we describe the design of such an LED-RI-NMR system in detail and
implement the instrument for the study of three light-driven reactions:
a photocatalytic [3 +2]-cycloaddition, a Wolff rearrangement, and a
[2 +2]-cycloaddition of a photostationary state. In these reactions, we
demonstrate that both the LED and injector components of the
apparatus can be used independently, or simultaneously if needed, to
explore reaction mechanisms. By incorporating these features with
variable temperature NMR and an internal standard, a myriad of qua-
litative and quantitative data can be accessed with one tool.

Results & Discussion
Gaining inspiration from the McGarrity, Ogle, Reich, and Denmark RI-
NMR systems, our approach was focused on developing an apparatus
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Fig. 3 | LED rapid-injection NMR (LED-RI-NMR) apparatus. A Polyacetal height
adjusting handle. B Aluminum injector barrel with Teflon spacers. C Polyacetal
injector tip assembly. D Multi-channel LED box. E Close-up of Injector tip assembly
with injection capillary (left) and LED capillary (right).

that did not require modifications to the NMR spectrometer, probe, or
facility*?2. We describe below an overview of the LED-RI-NMR system;
however, detailed schematics are available in the Supporting Infor-
mation. The LED-RI-NMR system was adapted for a Varian VNMRS
500 MHz spectrometer equipped with a 10 mm Varian NMR probe.
The barrel of the injector was constructed from a hollow aluminum rod
53 cm in length equipped with a height-adjusting handle and injector
tip assembly (Fig. 3). The injector tip assembly has two perforations at
the bottom fitted with a 3 mm sealed capillary for the fiber optic cable
and an open 1 mm capillary for RI-NMR (Fig. 3E). The fiber optic cable
was fed through the aluminum rod to a Prizmatix multiple wavelength
LED box capable of emitting light from four different wavelengths: (A)
402 nm, (B) 454 nm, (C) 524 nm, and (D) 631 nm (Fig. 4A-D). The in-
jector capillary was connected to a polymer threaded coupling

Fig. 4 | Examples of different wavelengths of light equipped with the LED-RI-
NMR system. A 402 nm, B 454 nm, C 524 nm, D 631 nm.

(1/4-28 NPT) equipped with 5.4 mm OD (0.1 mm ID) Teflon O-rings and
coupled with Teflon tubing and Tefzel microfluidic ferrules and nuts to
a Harvard Apparatus syringe pump. With the LED-RI-NMR system in
hand our investigations switched to calibrating the delivery of LEDs,
organic media, as well as mixing,.

Introducing light into NMR samples presents a challenge; ensur-
ing compatibility with the LED source, associated equipment, and the
NMR spectrometer is often arduous. Integrating LEDs into the NMR
probe enables simultaneous illumination of various samples and
enables rapid-injection experiments. However, this approach requires
significant modification to the probe. While placing an LED lamp at the
top of the NMR bore is an option, this raises concerns about the effi-
ciency of sample illumination due to the large distance between the
lamp and the sample. To address this issue, we sought a method to
directly illuminate the sample without modifying the NMR probe or
sample tube. Inspired by Gschwind’s previous LED-NMR setups", we
utilized a sanded polycarbonate fiber optic cable encased in a 3 mm
sealed glass capillary. This configuration allows for direct illumination
of the NMR sample, and since the fiber optic cable is part of the LED-RI-
NMR assembly, no modifications to the NMR tube or probe are
required for illumination experiments. Additionally, this placement of
the fiber optic cable enables uniform illumination of the sample in the
measuring coils of the NMR spectrometer (Fig. 5).

A common issue in RI-NMR experiments is the injection of
reagents into the sample without early detection. Since the LED-RI-
NMR system remains static inside the sample while collecting spectra,
it was not feasible to position the injector tip at the same depth as the
LED capillary. To avoid early detection of the injected reagent, we
explored the idea of raising the injection capillary above the sample.
After trial and error, it was found that positioning the injector tip 4 cm
above the solution in the NMR tube effectively prevented early
detection while enabling successful reagent delivery. This injection
system demonstrated a linear range (Fig. 6) of injected volume
between 100 and 500 pL (slope=0.9803 + 0.016).

Often the biggest challenge in RI-NMR experiments is achieving
fast and efficient mixing. By submerging the LED capillary in the NMR
sample and spinning the NMR tube at 6 Hz, effective mixing of Blue #1
in MeOH (Fig. 7A-D) is rapidly achieved (<1 s) with a 200 uL injection
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Fig. 5 | Depth gauge for a Varian VNMRS system with a 10 mm tube and LED-RI-
NMR capillary inside. Dashed box indicates the location of the measuring coils for
the NMR spectrometer.
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Fig. 6 | Plot of injected volume vs. selected volume on the LED-RI-NMR
syringe pump. Injections were performed in 10 mm NMR tubes using 2 mL of THF
and injecting between 100 and 500 pL of benzene into the sample.

(See Supplementary Video 1). Key to success in our system was the
LED-capillary, which provided a fixed mixer. With the finished injector
in hand, we then sought out well-tested and reported reactions to
validate the practicality of this spectroscopic tool.

To calibrate the LED-RI-NMR system for mechanistic investiga-
tions, we needed to demonstrate its ability to mimic standard bench
reaction protocols that require illumination as well as the addition of
reagents over a range of temperatures and time frames under inert

Fig. 7 | Injection of Blue #1 food safe dye in 200 uL of MeOH. A Pre-injection with
2mL of MeOH in a 10 mm NMR tube spinning at 6 Hz. A video of the injection
sequence is available as Supplementary Video 1. Injection at B 0.55s, C1.29s,
and D 3.02s.

atmospheres. Of note, the illumination and injection features were
designed to be independent from one another and compatible with VT-
cooling and heating. Therefore, our efforts became focused on testing:
(1) the illumination feature (without rapid injection) by exploring a
photocatalytic reaction that has all of the reaction components pre-
mixed; (2) the illumination feature in tandem with rapid injection to
photogenerate an intermediate and capture it by rapid injection; and
(3) the illumination feature in concert with rapid injection to generate
and investigate an intermediate under constant irradiation.

The construction of the LED-RI-NMR injector system was initiated
in part by our recent interest in photoredox-enabled reactions,
wherein we opted to study the photosensitized generation of carbonyl
ylides. Carbonyl ylides are a type of 1,3-dipole generated by a variety of
methods that react readily with electron-deficient alkenes to form
highly substituted tetrahydrofurans®. Recently, strategies to generate
carbonyl ylides through redox-neutral photocatalysts have allowed for
the synthesis of various other small molecules?**. While the direct
photolysis of epoxides to carbonyl ylides have been studied, kinetic
studies on the photosensitized reactions are scarce and rely on laser
flash photolysis instead of bulk solution monitoring?-*.

We began by combining trans-stilbene oxide 10 with citraconic
anhydride 11 in benzene-d, with the acridinium photocatalyst 12. The
'H NMR spectra were recorded over a course of 22 h under constant
irradiation at 454 nm allowing for the activation of the photocatalyst
12, decay of starting materials 10 and 11, as well as the formation of
product 13 to be monitored (Fig. 8A). The initiation of 12 into its
photoactive state was completed within minutes (¢,; =11.27 + 0.19 min)
following a first-order kinetic model under constant light intensity®.
Due to the paramagnetic nature of the active photocatalysts, these
intermediates could not be detected by 'H NMR spectroscopy. Of note,
the C-C opening of epoxides using photosensitizers is traditionally
performed with cyanoarenes as photocatalysts; however, we found
that acridinium photocatalysts, such as 12, are compatible in the
desired reaction®.

The kinetic order dependence in 10, 11, and 12 was then deter-
mined by monitoring the formation of 13 by '"H NMR over a range of
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Fig. 8 | [3 +2]-Cycloaddition of a carbonyl ylide. A Reactions were conducted
using 2 mL of dry, degassed benzene-ds in a 10 mm NMR tube. Samples were pre-
pared inside of an argon glovebox by adding to the NMR tube trans-stilbene oxide
10 (30 pmol, 1.0 equiv.), citraconic anhydride 11 (30 pmol, 1.0 equiv.), photo-
catalyst 12 (3 pmol, 0.10 equiv.), and 1,1,2,2-tetrachloroethane (30 pmol) as an
internal standard. B Kinetic data for the photoredox neutral [3 + 2]-cycloaddition
reaction. Kinetic data are an average of duplicate runs; negative signs indicate
consumption of starting material; positive signs indicate formation of products;
solid lines indicate theoretical fit (first order and zeroth order) calculated using the
CurveFitter toolbox in Matlab at a 95% confidence interval. Kinetic formulas and fit
parameters are available in the Supplementary Information under Section 3:
Experiment 1.

concentrations independently. The decay of stilbene oxide 10 fol-
lowed a first-order kinetic model under pseudo-steady-state condi-
tions (Kops =2.99 + 0.18 x 107 s%) and was found to exhibit a first order
dependence on the reaction (Fig. 8B). Of note, upon varying the con-
centration of citraconic anhydride 11 from 13 to 43 mM the rate of the
reaction was found to not be affected and is consistent with a zero-
order dependence. The determination of overall rate equation was
determined to be rate = k,,[10]'[11]°[12]° (The orders of reagents were
determined to be first order in 1, zero order in 2, and zero order in
catalyst 3. See Sl for details), which indicates that the generation of the
carbonyl ylide CY is likely rate-determining (Fig. 8B). With the illumi-
nation aspect of the LED-RI-NMR system proven successful, our

investigations switched to examining the injection aspect of the sys-
tem (Figs. 9, 10).

Although the generation of synthetic intermediates in situ is
operationally simple for bench settings it often becomes logistically
challenging for mechanistic investigations due to engineering a reli-
able delivery system that accurately transfers precise quantities of
reagents at a known time and temperature. Therefore, our focus
switched to investigating a Wolff rearrangement that requires illumi-
nation to generate a synthetic intermediate (ketene) followed by the
injection of a subsequent reagent to explore its chemical reactivity.

The irradiation of diazoketones into ketenes and their subsequent
reactions has been extensively utilized in various synthetic
applications®*°. Numerous studies on the Wolff Rearrangement have
provided evidence for both concerted and stepwise mechanisms for
the 1,2-rearrangment following loss of dinitrogen®. The utility of
ketenes produced has been exemplified in various recent total synth-
eses and cycloaddition strategies®***. While the conversion of diazo-
ketones to ketenes has been studied thermally and photochemically,
the ability to subsequently investigate the reactivity of the ketene
intermediate with nucleophiles is challenging because of the incom-
patibilities between diazoketones and nucleophiles. As a result, we
became interested in these processes and saw it as an opportunity to
test the rapid-injection component of the LED-RI-NMR system where
we could photochemically generate a reactive ketene and subse-
quently investigate its capture with alcohols and amines for the
synthesis of esters and amides — mimicking bench settings.

We first started with 3-diazo-3-phenylacetone 14 in dry CDCl; and
began irradiation (454 nm) at 25 °C such that the 'H NMR signals could
be monitored. A first-order decay of 14 and formation of ketene 15 was
observed with kqps values of (5.35+0.16 x 10™* s™) and (4.77 £0.16 x
107 s), respectively, indicating that the decay of 14 and formation of
15 coincide. Of note, the photogenerated ketene 15 was stable in
solution at 25 °C with no detectable change to the '"H NMR spectrum
over extended periods of time (>1h). With the ketene 15 prepared
cleanly inside the NMR probe, our investigations switched to probing
its chemical reactivity by injecting nucleophiles.

Initially, we sought to compare the reactivity of ketene 15 with
methanol versus diethyl amine (Et,NH); however, upon injection of 1.0
equiv of MeOH into a CDCl; solution of 15 no reaction occurred*. Even
upon heating the sample to 60 °C no reaction proceeded and 15
remained unchanged. In a separate case, the injection of diethylamine
induced a rapid reaction with 15 and generated the corresponding
amide 16 following a second order model (kops =21.91+0.54 M s7%).
Upon, varying the concentration of diethylamine from 8 mM to 20 mM
an order dependence of one was observed®. In addition, ketene 15 was
found to exhibit a first-order dependence on the reaction - providing
the following rate equation rate = kqps[15]'[Et,NH].

The LED-RI-NMR system enabled us to conduct the Wolff rear-
rangement entirely within the NMR spectrometer, allowing for real-
time monitoring of ketene 15 and enabling reagent injections to probe
reactivity. At this point, we have utilized each component (LED
incorporation and rapid-injection) separately; however, an advantage
to the LED-RI-NMR system is the ability to use these components
simultaneously to capture photochemical intermediates.

With the successful demonstration of the illumination and injection
features in tandem, our investigations became focused on exploring the
injection of reagents while the sample was under constant illumination.
Therefore, we chose to investigate a photostationary state or light-
induced pre-equilibrium, such that we could investigate the chemical
reactivity of one species selectively. In recent years, the photoinduced
isomerization of azobenzenes has gained considerable interest in var-
ious fields, such as photoswitches and phototherapies, making it an ideal
and important system to investigate®°,

Irradiation of trans-17 initiates the isomerization into cis-17 until
equilibrium is reached; the subsequent ratios of trans-/cis-17 is
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Fig. 9 | Photoinduced Wolff rearrangement. A Reactions were conducted using
2 mL of dry chloroform-d in a10 mm NMR tube. Samples were prepared by adding
3-diazo-3-phenylacetone 14 (30 pmol, 1.0 equiv.) and 1,1,2,2-tetrachloroethane (30
pmol) as an internal standard to the NMR tube and dissolved in dry CDCl3 (2 mL).
The sample was illuminated with 454 nm light using the LED-RI-NMR injector sys-
tem for ca. 1 h at which point all 14 was consumed. Diethylamine (30 pmol, 1.0

equiv.) was then promptly injected via LED-RI-NMR syringe pump (500 pL, 14 mL/

min). Kinetic data are an average of duplicate runs; negative signs indicate con-
sumption of starting material; positive signs indicate formation of products; solid
lines indicate theoretical fit (first order and second order) calculated using the
CurveFitter toolbox in Matlab at a 95% confidence interval. Kinetic formulas and fit
parameters are available in the Supplementary Information under Section 3:
Experiment 2 B Stacked 'H NMR array of the aliphatic region for the conversion of
14 to 15 under 454 nm illumination.

dependent on the wavelength of light used*’. Reactions of cis-17 that
are not competitive with trans-17 are relatively rare, with only a few
photoinduced examples in the literature**2. Notably, the [2+2]-
cycloaddition of cis-17 with ketenes has been reported, where trans-17
does is unreactive®’. Given our ability to generate ketenes from dia-
zoketones, as shown in the previous example, we saw this as a prime
opportunity to study this reaction. First, we needed to determine the
photostationary state of 17 and the trans-/cis- ratio following visible
light illumination. A small portion of trans-17 absorbs blue light
(380-500 nm), and illumination at 454 nm in CDClI; using the LED-RI-
NMR system yielded a 75:25 trans-/cis-17 ratio after approximately
10 min. Both the decay of trans-17 and formation of cis-17 followed a
first-order equilibrium model (Keq=0.25+0.01) until the photosta-
tionary state was reached. Once equilibrium was reached, 14 was
promptly injected into the sample with the light on. Initially, minor
spectral changes were observed, but over 8 h, a clear conversion of 14
and 17 was observed into the corresponding cycloaddition product 18.

There are several points to be made about the reaction, particu-
larly with how each reagent is involved in the production of 18. First,
upon irradiation of 14 at 454 nm, the Wolff Rearrangement occurs,
generating ketene 15. However, because 15 rapidly undergoes
cycloaddition with cis-17, it is consumed as soon as it is generated. The
decay of 14 proceeds in a first-order model (kayg = 1.14 + 0.03 x10™*s™)
as shown in earlier experiments; however, due to other reagents that
absorb light in the reaction medium, the rate of diazo decay is slightly
diminished. Second, trans-17 decays in the reaction following a first-
order model (kaye=3.89+0.12 x 10™* s) akin to the consumption of
cis-17 via the photostationary state between trans-/cis-17. As predicted,
trans-17 does not participate in the [2 + 2]-cycloaddition but rather acts
as a source of cis-17. Third, the cycloaddition product 18 is formed
following a pseudo-first-order model (kpyg=4.30 £ 0.15 x 107 s™). We
rationalize this model to the low concentration of ketene at any given
time in the sample. Finally, cis-17 follows a pseudo-first-order kinetic
model (kayg =3.32 £0.12 x 107 ") where it retains the same 75:25 ratio
with trans-17 under equilibrium conditions.

In conclusion, we have developed an LED-RI-NMR system that can
be utilized for a variety of mechanistic investigations involving light
and reactive intermediates. We have designed this apparatus to be

simple and practical for academic and industrial laboratories for the
study of photoinduced and photocatalytic reactions, photosensitive
proteins*, and for the discovery of new chemical reactions initiated by
light. We have exemplified the utility of this system by studying three
different photo-driven reactions that employ different aspects of the
LED RI-NMR system. We foresee that this system is advantageous to
both LED NMR and RI-NMR systems separately and stands on its own
for new mechanistic investigations. We will continue to use this system
for the development of new chemical reactions as well as develop new
RI-NMR systems for the modern age of chemistry.

Methods

Assembly of the LED-RI-NMR System

To assemble the LED RI-NMR system, first, the injector casing and
height-adjusting handle were connected tightly. The LED and injector
lines were fed through the injector casing. The injector tip assembly
was assembled by threading both glass capillaries through the holes at
the end of the assembly until the LED capillary was 19 cm long from the
base of the assembly and the injector tip was 9 cm long. These capil-
laries were secured using the Teflon hex screws to hold them in place.
Caution: over-tightening these hex screws can exert significant tension
on the capillaries and may cause them to break. We recommend lightly
tightening these screws. Once secured, the injector tip assembly was
connected to the casing, and the height was adjusted by the handle
accordingly. The LED capillary was approximately 2cm above the
bottom of the NMR sample.

Injection operation of the LED-RI-NMR system

When preparing to perform a rapid injection experiment with the LED
RI-NMR system, solvent was loaded into the injection line using a 5mL
Normject syringe until solvent was coming out of the capillary. This
syringe was connected to a Harvard Apparatus syringe pump set to
12 mL/min for a 0.5 mL total volume infusion. The injection reagent
was loaded into the injector tip approximately 10 cm from the end
using either a 10 pL or 100 pL Hamilton gastight syringe. The NMR
sample was transferred to the spectrometer with the cap off, the LED
RI-NMR system was lowered carefully into the sample, and spinning of
the NMR sample was turned on to 6 Hz. Spectra were collected first
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A) [2+2]-Cycloaddition of cis-Azobenzene
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Fig. 10 | Azobenzene isomerization and [2 + 2]-cycloaddition with a ketene.

A Reactions were conducted using 2 mL of dry chloroform-d in a10 mm NMR tube.
Samples were prepared by adding trans-17 (30 umol, 1.0 equiv.), 1,1,2,2-tetra-
chloroethane as an internal standard (30 umol) to the NMR tube and dissolved in
CDCl3 (2 mL). The sample was illuminated with 454 nm light using the LED-RI-NMR
injector system for ca. 10 min at which point equilibrium was reached between
trans-17 and cis-17. 3-diazo-3-phenylacetone 14 (30 pmol, 1.0 equiv.) was then
promptly injected via LED-RI-NMR syringe pump (500 pL, 14 mL/min) with simul-
taneous 454 nm illumination. Kinetic data are an average of duplicate runs; negative
signs indicate consumption of starting material; positive signs indicate formation
of products; solid lines indicate theoretical fit (first order) calculated using the
CurvefFitter toolbox in Matlab at a 95% confidence interval. Kinetic formulas and fit
parameters are available in the Supplementary Information under Section 3:
Experiment 3. B Stacked 'H NMR array of the aromatic region of the isomerization
from trans-17 to cis-17.

with the light off. Once the light was turned on, the photochemical
reaction was initiated, and the injection could begin at any time by
pressing start on the syringe pump. We have provided a Supplemen-
tary Video 1 for a visual of how this operation works in real time using
MeOH and blue food coloring dye. Upon completion of the experi-
ment, the injector was removed from the spectrometer with the light
off. All kinetic data presented herein are averages of two runs.

Data availability

The schematics and calibration of the LED-RI-NMR system, and the
kinetic data generated in this study, are provided in the Supplementary
Information file. Source data for the injection calibration and kinetic
studies are publicly available in the Figshare database. https://doi.org/
10.6084/m9.figshare.29822189.
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