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ABSTRACT: A multitude of techniques are available to obtain a useful understanding of photocatalytic mechanisms. The combination of LED
illumination with nuclear magnetic resonance spectroscopy (LED-NMR) provides a rapid, convenient means to directly monitor a photocata-
Iytic reaction in situ. Herein, we describe a study of the mechanism of an enantioselective intermolecular [2+2] photocycloaddition catalyzed
by a chiral Ir photocatalyst using LED-NMR. The data-rich output of this experiment is suitable for same excess and variable time normalization
analyses (VINA). Together, these identified an unexpected change in mechanism between reactions conducted at ambient and cryogenic
temperatures. At —78 °C, the kinetic data are consistent with the triplet rebound mechanism we previously proposed for this reaction, involving
sensitization of maleimide and rapid reaction with a hydrogen-bound quinoline within the solvent cage. At room temperature, the cycloaddition
instead proceeds through intracomplex energy transfer to the hydrogen-bound quinolone. These results highlight the potential sensitivity of
photocatalytic reaction mechanisms to the precise reaction conditions and the further utility of LED-NMR as a fast, data-rich tool for their

interrogation that compares favorably to conventional ex situ kinetic analyses.

INTRODUCTION

Photocatalysis continues to attract the interests of synthetic
chemists in both academic and industrial contexts. Photocatalytic
reactions provide facile access to highly reactive species under mild
conditions and can enable distinctive reactivity that is not otherwise
accessible under thermal conditions. The continued development
and optimization of photocatalytic reactions requires a detailed un-
derstanding of photochemical mechanisms. Moreover, as photo-
catalytic techniques become increasingly adopted by the pharma-
ceutical industry,' determination of the rate laws and reaction pro-
files for these processes is becoming an increasingly critical concern
for safe and reproducible scale-up.? Presently, the macroscopic reac-
tion rate law of a photochemical reaction is typically determined us-
ing time-intensive ex situ initial rate measurements. As Blackmond,
Burés, and others have previously argued, such initial rate experi-
ments are information-poor: they typically involve the collection of
a single data point at low conversion, and aggregate analysis of mul-
tiple initial rate measurements is required to determine a complete
rate law.? Moreover, important effects that might occur after the ini-
tial rate regime, such as product inhibition, intermediate formation,
and catalyst degradation, can be obscured using initial-rate data, re-
stricting a holistic understanding of a complex catalytic reaction
mechanism.

In the study of ground-state catalytic reactions, operando tech-
niques such as NMR, IR, UV-Vis, and calorimetry have emerged as
powerful tools for reaction mechanism determination. NMR, in par-
ticular, provides access to structural information and the ability to
detect and identify intermediates and byproducts along with data
useful for kinetic analyses. The resulting complete reaction profiles
are information-rich and amenable to modern kinetic graphical anal-
yses that avoid the need for time-intensive ex situ measurements.
The concept of reaction progress kinetic analysis (RPKA) was

formalized by Blackmond as a mechanistic tool for the study of com-
plex catalytic reactions.* In 2016 Burés expanded this concept by
developing variable time normalization analysis (VINA), which
uses the graphical representation of multiple kinetic experiments to
visually determine substrate and catalyst reaction orders.® To-
gether, these techniques enable a holistic understanding of a cata-
Iytic reaction mechanism from only a few data-rich time course ex-
periments. While their impact on the study of ground-state catalytic
reactions has grown significantly in the past two decades, these tech-
niques have only been sparingly applied to photocatalytic reactions
to date.”

One powerful strategy to collect information-rich photochemical
reaction progress data was pioneered by Gschwind,® who demon-
strated that photocatalytic reactions can be monitored in situ by di-
recting light from a high-powered light emitting diode (LED)
through fiber optic cabling into the bore of an NMR spectrometer.’
The Gschwind group has applied the LED-NMR technique to study
several photocatalytic redox transformations and ligand exchange
reactions.'® Our group found that LED-NMR experiments have the
resolution to monitor very fast photocatalytic reactions that reach
full conversion in <2 min,'" while Riedle has applied the technique
to the modeling of molecular motors at cryogenic temperatures.'?
Merck has used LED-NMR in the development of photocatalytic
reactions'® and to rapidly determine reaction quantum yields,'*
while AstraZeneca used it in the development of a large-scale photo-
redox Minisci reaction.'> Thus, LED-NMR is emerging as a power-
ful technique for studying the kinetics of a variety of photochemical
processes in both academic and industrial contexts.

Our group has a long-standing interest in the development of
asymmetric photocatalytic reactions and in the interrogation of their
mechanisms. We recently reported a highly enantioselective photo-
catalytic [2+2] cycloaddition between quinolone Q and maleimide



M. Upon visible light irradiation at =78 °C in the presence of chiral
iridium complex Ir, cycloadduct P is produced in good yield and in
97% ee (Scheme 1).!° Interestingly, a combination of kinetic, spec-
troscopic, and computational evidence suggested that the reaction
proceeds through an unusual “triplet rebound” mechanism
(Scheme 1). NMR spectroscopy revealed that the chiral Ir catalyst
and Q preassociate in the ground state through a discrete hydrogen-
bond interaction ([Ir-Q]J, Ksq = 603). Photoexcitation of this
ground-state complex results in a long-lived luminescent excited
state [*Ir-Q]. We found that intracomplex energy transfer from *Ir
to bound Qis significantly slower than intermolecular energy trans-
fer to M. This was a surprising finding. It indicated that reaction of
the excited-state maleimide within a solvent caged ternary encoun-
ter complex {[Ir-QJ---*M} must be the dominant product-forming
pathway in order to account for the observed high ee’s at low catalyst
loadings. The mechanism of this reaction intrigued us because it rep-
resents a departure from all previous approaches to asymmetric ca-
talysis of excited-state photoreactions, which require the excited
state intermediate to be generated within a preassociated complex
with a chiral catalyst.!”

Scheme 1. Asymmetric Photosensitized Cycloaddition and Pro-
posed Reaction Mechanism.
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We wondered if in situ LED-NMR might provide a means to rap-
idly collect kinetic data to deepen our understanding of this reaction.
In particular, we imagined that RPKA analysis could provide insight
into the possibility of unproductive processes such as product inhi-
bition and maleimide dimerization that might be difficult to investi-
gate using conventional initial rate experiments. Miller has recently
used LED-NMR in a VTNA analysis of a photoinduced transfer hy-
drogenation reaction.'® However, no applications of VTNA to stere-
ocontrolled photocatalysis have yet been reported.

Herein we show that LED-NMR enables the use of VTNA to in-
terrogate the enantioselective intermolecular [2+2] photocycload-
dition at different temperatures. These studies revealed a significant
change in reaction mechanism between 24 to 78 °C. We find that
the triplet rebound reaction is favored at cold temperatures, while
intracomplex energy transfer to hydrogen bound quinolone is fa-
vored at 24 °C. The rate laws determined by VINA were verified
with initial rate measurements that proved to be significantly more
laborious to complete. Thus, these results show how powerful the

LED-NMR technique can be in the study complex photocatalytic
mechanisms that can be highly sensitive to the precise reaction con-
ditions.

RESULTS AND DISCUSSION

The design of the LED-NMR system at UW-Madison was in-
spired by Gschwind'? and has been detailed by us previously."
Briefly, light from an ultra-high-powered (UHP) 450 nm LED is di-
rected via an optical fiber inserted within the S mm NMR tube con-
taining the sample. The tip of the optical fiber is placed such that ir-
radiation occurs from the top of the detection coil. This set-up is flex-
ible and mobile; in this study, NMR spectra were collected on 600
and 500 MHz spectrometers for 24 °C and -78 °C measurements,
respectively. Our study began by determining the optimal light in-
tensity for the standard reaction, with the goal that the reaction
would reach near completion (>90% conversion of Q) within ~ 1 h.
This was achieved with an LED power of 300 mW at 24 °C under
otherwise identical conditions to those reported previously (0.02 M
Q, S equiv. M, and 1.5 mol% Ir in CD.CL)."® Time course data were
collected as single 'H spectra every 20 s with a pseudo-2D pulse pro-
gram (SI). An example of the collected NMR spectra and plotted
time-course for the parent reaction under standard conditions are
shown in Figure 1.
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Figure 1. A. NMR spectra for the standard reaction: 300 mW 450 nm
LED, 0.02 M Q, 1.5 equiv. M, 1.5 mol% Ir, CD:CL. Spectra were col-
lected every 20s for 1 h, every tenth spectrum is shown, hexamethylben-
zene was used as an internal standard (IS). B. Reaction profile tracking
the conversion of quinolone Q and formation of cyclobutane P.

Quinolone Q and cyclobutane P feature the same amide motif
that facilitates hydrogen bond formation with the chiral catalyst.
Thus, we first investigated whether product inhibition may occur in
this reaction through same excess experiments. We compared the re-
action profile of substrate conversion under standard conditions to
a profile starting with half the concentration of Q (Figure 24, 0.01
M Q). A small deviation between the two sets of data was clear when
the 0.01 M Q data was time adjusted to align with the standard con-
ditions. This suggested either photocatalyst degradation or product
inhibition. To differentiate these, measurements under 50% conver-
sion conditions including the addition of 50% enantioenriched
product (produced from the A-Ir catalyst, ~0.01 M P, 96% ee) were
performed with either the matching chiral A-Ir catalyst or the mis-
matched A-Ir (Figure 2B). Product inhibition was most significant
under matched conditions, with the chiral product favored by the A-
Ir catalyst. No inhibition was observable under mismatched condi-
tions, which resulted in data superimposable with the 0.01 M Q data
(Figure 2B inset). We therefore conclude that product inhibition
does indeed occur in this reaction and that the major enantiomer ex-
erts a more pronounced inhibitory effect. Notably, the four reaction
profiles required for this analysis were set up and collected in just half
a day.
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Figure 2. A. Same excess comparison between standard conditions and
conditions approximating 40% reaction conversion (with no Pdt
added). B. Same excess experiments comparing standard conditions to
conditions approximating 30-50% conversion with the addition of the
expected concentration of cyclobutane product; blue circles = matched
Ir and product chirality, green squares = mismatched Ir and product chi-
rality. Not all data points are shown for clarity, full data is presented in
the SI.

We next sought to determine the rate law of the photocatalytic re-
action using LED-NMR-enabled VINA. For this analysis, reaction
profiles are collected under conditions where the concentration of a
single reaction partner is significantly altered. The time axis is re-
placed with the time integral of the concentration of the reagent of
interest (A) taken to a power (a), thereby normalizing the time be-
tween pairs of data points and removing the kinetic effect of A (eq

1).5,6
t=n [Al;i-[4]i-1)*

[ tAede =y (M= - ) (1)

The value of ‘a’ where the plots overlay provides the reaction or-
der in A. Repeating this process for all reagents and catalysts pro-
vides the full rate law. Importantly, only a few experiments are re-
quired for this analysis, significantly reducing the number of reac-
tions required to determine the rate law compared with ex situ initial
rate experiments: the data presented in Figure 3A-3D was collected
and analyzed in a single day.

The interpretation of the VINA data was clear. Comparing reac-
tion profiles collected at 0.01, 0.02, and 0.04 M quinolone indicated
a first-order dependence in Q (Figure 3A). Similar analyses pro-
vided a zero-order dependence with respect to the Ir photocatalyst
(Figure 3C). A benefit of the LED-NMR system is that the power
of the LED is directly proportional to the intensity at the sample.
The reaction rate dependence of light was interrogated at three LED
powers, 150 mW, 300 mW, and 560 mW. Treating light power as a
constant concentration provided a first-order dependence on LED
power (Figure 3D). Finally, the dependence on maleimide was in-
terrogated; however, due to low solubility of maleimide and its di-
mer, it was difficult to interpret the reaction order by VINA. We
overcame this using N-benzylmaleimide (M2), which is fully soluble
under the reaction conditions and provides similar preparative re-
sults.'s A zero-order rate dependence on M2 was observed (Figure
3B).

From these experiments we formulated the rate law for this reac-
tion, rate = k[Q]'[M]°[Ir]°(hv)". As this is one of the first uses of
LED-NMR kinetic data for VINA analysis we confirmed the reac-
tion orders for Q, M, and Ir using in triplicate initial rates analysis
(Figure 4A-C). Notably, the acquisition of the initial rate data re-
quired three days to complete, compared to the single day required
for the VT NA analysis. Gratefully, the reaction orders align well with
those determined using VI NA, confirming a first-order dependence
on Q and a zero-order dependence on M. Interestingly, rather than

a linear dependence on Ir, saturation kinetics were observed. At
higher concentrations of Ir the reaction has a zero-order depend-
ence on Ir. This zero-order region is frequently called the photon-
limited region, where the rate of the reaction is limited solely by the
intensity of incident irradiation and not photocatalyst concentra-
tion. As the concentration of Ir is decreased, the reaction moves out
of the photon-limited region and a dependence of the rate on Ir con-
centration becomes apparent. To model this relationship, we ap-
plied eq 2, which describes the expected photocatalyst saturation ki-
netics, where ko is the zeroth-order rate constant at saturation and
the saturation curve is defined by the pathlength and photocatalyst
extinction coefficient (b and ¢, respectively)."*

rate = ky(1 — 10700 2)

For the LED-NMR VTNA experiments, the pathlength within
the NMR tube is ~3 cm. This, combined with a photocatalyst extinc-
tion coefficient of 1200 M cm™ (450 nm), provides a solution to eq
2 of rate = ko(0.92) for 20 mM Q, placing the VT'NA analysis near or
within the zero-order photon-limited region.

While we were pleased to have validated the ability of LED-NMR
and VINA to rapidly acquire a reaction rate law, we were surprised
to observe that these results differ significantly from those we had
reported in our initial publication. In that study, we had determined
the rate law as rate=k[ Q]°[M]'[Ir]".!* There are three differences be-
tween these studies that we imagined might be responsible for the
differences in observed rate law: some feature of the LED-NMR in-
strument itself, the identity of the maleimide partner (maleimide vs
N-benzylmaleimide), or the reaction temperature (-78 °C in the in-
itial publication and ambient temperature here). To investigate
these possibilities, we collected in situ LED-NMR kinetic data at —
75 °C using M2 in place of M. We ran experiments similar to those
atrt, though with only a single variation in concentration to highlight
the simplicity of VITNA combined with LED-NMR. Figure 3E-H
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Figure 3. A-D. Variable time normalization analysis for Q (A), M2 (B), Ir (C), and light (D) conducted at 24 °C. E-H. Variable time normal-
ization analysis for Q (E), M2 (F), Ir (G), and light (H)) conducted at —78 °C. The M2 data was normalized to starting quinolone concentration
due to small changes in starting concentrations (B/F, see SI for raw data). Concentration of Q, M2, and Ir are noted for the different conditions
studied, unless noted the other reagents were maintained at standard conditions.
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Figure 4. Ex situ initial rates collected at 24 (A-C) and -78 °C (D-F) . Error bars are the average of three trials and, in some instances, smaller
than the data point. Dotted lines correspond to a linear regression (A and E), a fit to eq 2 (C and F), or are drawn to guide the eye (B and D).

shows the results of the VINA, which indicate a rate law rate=
k[Q][M]'[Ir]°(hv)". Notably, the reaction order with respect to Ir
and light are maintained between rt and -78 °C, whereas Q changes
to zero-order while maleimide became first-order. The deviation of
the 0.1 M experimental data around 500 s in Fig 3E occurs due to
depletion of the limiting reagent (Q). The 0.2 M experiment with
double the concentration of Q requires more time to reach full con-
version. The zero-order dependence on Q was assigned from the
complete overlap of the two reaction profiles until the 0.1 M experi-
ment reached completion. Again, we confirmed these data with ar-
duous initial rates experiments, which involved a full week of experi-
mentation (see SI) rather than the single day of LED-NMR data col-
lection. The larger error bar observed in Figure 4E highlights an-
other advantage of the simplicity and consistency provided by LED-

NMR. Compared with LED-NMR, the reaction set-up (including
temperature, distance from the LED, ice buildup, etc.) required to
collect cryogenic ex situ initial rates is difficult to keep completely
consistent across the experiments, resulting in larger errors. The
LED-NMR and VTNA avoid these problems as the set-up is highly
controlled with minimal variation between experiments.

In our initial disclosure of this asymmetric photocatalytic cycload-
dition, density functional theory (DFT) calculations and time-re-
solved spectroscopy supported the bimolecular sensitization of free
maleimide instead of the hydrogen-bond quinolone at cold temper-
atures. Our proposed triplet rebound mechanism rationalizes the
preliminary initial rates measurements that gave a first-order de-
pendence on maleimide and Ir and zero-order dependence on Q if



Scheme 2. Gibbs Free Energy Difference Between DFT Optimized Binding Geometries. Rate Determining Steps at 24 and —78 °C.
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the rate-determining step at —78 °C is energy transfer from the satu-
rated [*Ir-Q] complex to maleimide. We were pleased to observe
that the VITNA experiment aligned well with the quinolone and ma-
leimide reaction orders previously reported, suggesting that M and
M2 play substantially similar roles in the mechanism. The discrep-
ancy in the order in photocatalyst between in situ LED-NMR and
previous probe-scale initial rates'® can be rationalized by the differ-
ent irradiation sources used (450 nm for VTNA, vs. 450-490 nm for
prior initial rates). A simple Beer’s law analysis indicates the light
source and path length used for the LED-NMR conditions give ki-
netics within the photon limited region, explaining the zero-order
dependence observed here.

The unexpected difference between the rate laws determined at
24 °C and -78 °C was more difficult to rationalize, as it implied a
change in catalytic mechanism at different temperatures. Under-
standing this discrepancy could provide insight into the nature of the
triplet rebound mechanism and inform future efforts to optimize
asymmetric photoreactions.

We previously reported the equilibrium constant for binding of I
and Q to be Keqrr = 603 at ambient temperature. This value implies
that only ~85% of the Ir catalyst is bound by Q at 0.01 M versus 95%
at 0.04 M. Conversely, time-resolved studies at —78 °C allowed us to
calculate an estimated binding constant of Kzq,7s = 3400, which is an
order of magnitude larger and corresponds to >97% bound iridium
at both initial Q concentrations. In addition to this distinct change
in binding, the change in the rate of quenching of *Ir by Qalso shows
atemperature dependence. At ambient temperature, steady-state lu-
minescence quenching experiments gave a Stern—Volmer constant
(Ksvrr) of 47 M, indicating a moderate rate of quenching of the
photocatalyst by Q. At -78 °C, however, time-resolved lifetime
measurements gave no evidence of energy transfer between Ir and
Q

These data can be interpreted in the context of the DFT models
for catalyst—substrate binding we had previously reported. The cal-
culated lowest energy conformation places the quinolone in an ori-
entation with minimal orbital overlap with the cyclometallating lig-
and. We had invoked this binding model to rationalize the lack of
observed energy transfer within the catalyst—substrate complex at —
78 °C. These computations, however, also identified three alternate
binding geometries within 4 kcal/mol of the lowest-energy struc-
ture, some of which feature extensive overlap between the catalyst
and quinolone orbitals (Scheme 2A). At ambient temperature,
therefore, thermal motion could allow the bound quinolone to pop-
ulate geometries that would permit intra-complex energy transfer.

B. 24 °C — Intracomplex Energy Transfer

C. —78 °C — Bimolecular Energy Transfer
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Thus, a reasonable interpretation of these data is that the mecha-
nism of asymmetric product formation varies as a function of tem-
perature. At —78 °C, the photocatalyst strongly binds Q but holds it
in a pose that precludes intracomplex energy transfer (Scheme 2C).
The rate of bimolecular quenching by M is rate-determining, result-
ing in a first-order dependence in [M] and [Ir], and the high ee’s ob-
served imply that M must react with the [Ir-Q] complex rather than
free Q in solution, consistent with the observed zero-order depend-
ence in Q. At room temperature, thermal population of an alternate,
higher-energy [Ir-Q] binding geometry enables rate-determining
intracomplex energy-transfer followed by cycloaddition with M, ex-
plaining the zero-order dependence on [M] (Scheme 2B). In this
scenario, the first-order dependence on Q would arise from its rela-
tively weak association to the photocatalyst, as increased Q concen-
tration increases the concentration of the photoactive complex. The
reaction is photon-limited, and therefore the photocatalyst concen-
tration had no effect on the rate.

We draw two important conclusions from this study. The first is
that the highly enantioselective triplet rebound mechanism predom-
inates in this system only at low temperatures where the photocata-
lyst—quinolone complex is relatively rigid. At higher temperatures, a
more conventional intracomplex energy transfer activation step
dominates. This insight may help to guide the development of future
asymmetric photoreactions that rationally exploit this novel mecha-
nism as a design strategy. Second, the mechanisms of photocatalytic
reactions can be surprisingly sensitive to reaction conditions. In or-
der to safely incorporate new photocatalytic methods into indus-
trial-scale processes, it will become increasingly important to under-
stand their detailed kinetic behavior, despite the many challenges in
probing the mechanisms of photocatalytic reactions. These studies
show that application of VINA analysis to LED-NMR data pro-
vides a rapid and operationally facile alternative to conventional ini-
tial rate kinetic analysis that could accelerate use of this important
tool in photocatalytic reaction analysis.

CONCLUSION

The data acquired from LED-NMR experiments are infor-
mation-rich and amenable modern kinetic analysis techniques such
as same excess experiments and VITNA. These techniques were used
to interrogate the mechanism of a model asymmetric photochemical
[2+2] cycloaddition at room temperature and —78 °C. We con-
firmed the VINA analysis through time-consuming ex situ initial
rates experiments, highlighting the ability of the LED-NMR tech-
nique to streamline kinetic analysis. VINA experiments were able to
easily identify a change in the catalytic mechanism. LED-NMR
spectroscopy should thus be considered an enabling tool in



photochemical synthesis that can provide important insights into
photocatalytic mechanism that could be used in the design of future
asymmetric photoreactions.
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