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Light-mediated reactions have emerged as an indispensable tool in organic synthesis and drug discovery, enabling novel transfor-
mations and providing access to previously unexplored chemical space. Despite their widespread application in both academic and
industrial research, the utilization of light as an energy source still encounters challenges regarding reproducibility and data robust-
ness. Herein we present a comprehensive head-to-head comparison of commercially available batch photoreactors, alongside the
introduction of the use of batch and flow photoreactors in parallel synthesis. Hence, we aim to establish a reliable and consistent
platform for light-mediated reactions in high-throughput mode. Herein, we showcase the identification of several platforms aligning

with the rigorous demands for efficient and robust high-throughput experimentation screenings and library synthesis.

Inspired by natural photochemical processes,! the recent emer-
gence of photoredox catalysis has revolutionized synthetic or-
ganic chemistry. This breakthrough enables controlled and se-
lective access to high-energy intermediates, facilitating previ-
ously unattainable bond formations and novel chemical path-
ways.Z® Consequently, light-mediated transformations have
profoundly impacted various research fields, with many incor-
porating this energy source into their standard toolbox. As an
example, medicinal chemists have embraced photochemistry
within drug discovery programs transforming synthetic discon-
nections by introducing innovative processes such as C(sp®)-
C(sp?), C(sp®)-C(sp®), C-N, or C-O bond-forming methods,
among others.” 10

The increasing complexity of active pharmaceutical ingredients
(API) and the pressing need to expedite medicinal chemistry
programs to clinical stages have spurred the establishment and
development of high-throughput approaches. These approaches
aim to identify optimal reaction conditions for elaborated scaf-
folds, advance automated parallel medicinal chemistry (PMC)
for library synthesis, and generate high-quality data sets under
consistent reaction conditions for the development synthesis
predictive models.!!

Despite the demonstrated value of light mediated processes in
organic chemistry and drug discovery, reproducibility and reli-
ability remain challenging. Spectral output, light intensity, light
path length, and temperature vary across reactors and signifi-
cantly impact data consistency and yields. Similar challenges
have been encountered and successfully addressed in the field
of microwave irradiation.'? Achieving uniformity and reproduc-
ibility is a challenge with single-position photoreactors, and it
becomes more complex for high-throughput photoreactors.*>%”

To establish a baseline and tackle the challenges associated with
high-throughput photochemical reactions and light-mediated
parallel synthesis, we compared commercially available batch
and flow photoreactors across a uniform series of assessments.
We then explored the use photo-parallel synthesis in batch and
flow setups for a real-case scenario and library synthesis of
drug-like molecules using a recently developed C(sp®)-C(sp?)
bond-forming methodology. ® Taken together, these results
provide a practical guide for where and when the different pho-
toreactors are most effective.

Batch setups

In batch reactors, factors such as the distance from the light
source, vessel geometry, and the path length directly influence
the light penetration, per the Lambert-Beer law. Achieving ho-
mogeneous exposure of reactants to photons requires effective
mixing, often achieved by mechanical stirring or orbital shak-
ing. Additionally, precise control of the reaction temperature is
fundamental for both desired and undesired reaction pathways.
While distance to the light source and geometry are determined
by photoreactor design, the path length can be adjusted by var-
ying reaction volume based on the vessel geometry. In this com-
parative study, all reactions used the same path length to ensure
data consistency (See Sl Table S1). Reactors were utilized as
supplied from vendors without structural modifications and
were equipped with air-cooling or liquid-cooling systems when
feasible. Eight photoreactors’ performance was evaluated based
on starting material, desired product, byproducts, reaction tem-
perature, and well-to-well consistency (Table 1).
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Table 1: Commercially available photoreactors setups and their
features; A max: irradiation wavelength. Ww: light power per well.
Nw: number of wells. Data provided by the vendors.

Commercial name? A max Ww (mW) Nw
(nm)
P1 Penn PhD Photoreactor M2 450 3400 5
P2 Lumidox 24 GlI 445 885 24
P3 Luzchem WPI 462 51.5 24
P4 SynLED Parallel 465-470 135 24
HepatoChem EvoluChem
P5 PhotoRedOx Box 450 3750 8
Lumidox 48 Well Temperature
P6 Controlled Reactor (TCR) 470 345 48
P7 TT-HTE 48 Photoreactor 447 2328 48
P8 Lumidox Il 96-Well LED Ar- 445 415 96

rays

We initiated our investigation by selecting the Amino Radical
Transfer (ART) coupling as our model reaction (Figure 1a).
This choice was deliberate and based on several considerations.
The ART coupling holds significant relevance to the pharma-
ceutical industry, as its ability to increase F(sp®) of drug candi-
dates onto (hetero)aromatic scaffolds.’® Moreover, the ART
coupling is not sensitive to moisture or oxygen, thereby avoid-
ing additional interfering factors that could complicate the anal-
ysis of events related to light irradiation. Importantly, to evalu-
ate the influence of various configurations on the reaction ki-
netics, the reactions were conducted for a short period of time
resulting in partial conversion of the starting materials.?°

All the tested photoreactors demonstrated the ability to facilitate
the desired ART coupling within 5 minutes of reaction time
(Figure 1c). Variability in conversion was observed both across
the positions of individual reactors, and across the different
photoreactor designs, emphasizing the significant impact of de-
sign on the reaction outcome and the importance of meticu-
lously reporting procedures and setups. Based on the measured
conversions, photoreactors were classified into three categories.

The first category comprises of photoreactors P1, P3, P4, and
P5, which consistently exhibited low conversion rates (<35%),
accompanied by varying levels of selectivity over byproducts
(Figure 1f). These photoreactors also demonstrated differences
in temperature control, with temperatures ranging from 26 to 46
°C only after 5 minutes of reaction time. Additionally, irradia-
tion homogeneity varied withing this category, with standard
deviations ranging from 0.3 to 3.2% of product 3).

The second category comprises setups P2 and P8, which
yielded the highest reaction yields (approx. 65% after 5 min in
both cases) with uniform outcomes across the plates (standard
deviation: 0.9-1.2% of product 3). However, achieving high
conversion of 1 (>90%) came at the expense of a significant
amount of side product formation (31% and 38% respectively).
This reduced selectivity may be attributed to inadequate tem-
perature control leading to undesired thermal pathways, despite
efforts to provide an external cooling jacket (temperatures

ranging from 46-47 °C after 5 min; additional temperature
measurements at 30 min revealed internal temperatures contin-
ued to rise, reaching 60-65 °C).

The third class of photoreactors includes P6 and P7, which no-
tably enhanced reaction control, resulting in approximately
40% product (3) formation and 50% conversion of starting ma-
terial 1, with consistent yield homogeneity across the 48 wells
(standard deviation: 1.8-2.3%). Importantly, these two photore-
actors feature a built-in liquid cooling circulation, enabling pre-
cise control of the internal temperature (15 and 16 °C, respec-
tively, after 5 minutes, remaining stable after 30 min). This me-
ticulous temperature control reflects in a lower level of side-
products formation through thermal pathways, approximately
10%.

Further exploration into photoreactors for HTE campaigns, led
us to focus on photoreactors P6 and P7 due to their excellent
temperature control and robustness across the plate after a 5 min
reaction time. In subsequent investigations, the ART coupling
reaction was repeated to achieve full conversion of 1 which was
achieved in 30 min of irradiation for both systems, resulting in
approximately 70% product formation across the plates (Figure
1g). Consistency in reaction outcomes was also observed for P6
and P7, with a maximum standard deviation of 2.3 % and 1.2
%, respectively. Complementary C(sp?)-C(sp®) bond-forming
couplings, such as photocatalyzed cross-electrophile coupling
(XEC) and a decarboxylative coupling, were also explored with
photoreactors P6 and P7.21-2* Comparable average yields across
the plates were obtained for both XEC and the decarboxylative
coupling reactions (See Sl Table S12 and S15). In conclusion,
photoreactors P6 and P7 show promise as platforms for light
mediated HTE screenings, facilitating 48 parallel reactions
while maintaining accuracy in the recorded data and precise
temperature control. However, integrating current plate layouts
with automated workflows presents challenges. Adhering to a
standard SBS format would enhance compatibility with auto-
mated workflows and minimize the need for human interven-
tion.

In addition to identifying a robust light source, automation has
become crucial in reducing the inherent variability associated
with human intervention, thereby enhancing reproducibility,
productivity, and the quality of data acquisition. Furthermore,
automation in parallel synthesis workflows is recognized for its
ability to boost productivity and efficiency, accelerating the dis-
covery cycles in medicinal chemistry. * With these considera-
tions in mind, we embarked on developing an end-to-end auto-
mated and user-friendly high-throughput workflow, named
PhotoPlay&GO. This innovative approach integrates a liquid
handler and a photoreactor, requiring minimal human interven-
tion. To our knowledge, automated platforms for light-mediated
parallel synthesis remains unexplored.

Capitalizing on the success of the previously validated ART
coupling, we opted to construct our PhotoPlay&GO workflow
around a Tecan liquid handler (Freedom EVO200, air LiHa
equipped with disposable tips) integrated with an alligator mag-
netic vertical tumble stirrer featuring a recirculating fluid block
(capable of operating up to -70°C) connected to an external
chiller, alongside a commercially available parallel photoreac-
tor (Figure 2a).
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Figure 1: (a) Scheme of the ART coupling with aryl bromide 1 and aliphatic boronic ester 2 using eight commercial parallel photoreac-
tors; (b). Commercial names; (c). Heat map of the product formation in each photoreactor; (d) Pictures of the photoreactors; (e) Product
distribution featuring starting material (SM), desired product 3 (P) and the sum of byproducts (Other, e.g. protodehalogenation or C-N
coupling of morpholine among other unidentified peaks); (f) Parameters measured after 5 minutes irradiation, including the internal reaction
temperature, average yield and standard deviation (see SI for more details); (g) Comparison of the product yields after 30 minutes between

the Lumidox TCR (P6) and the TT-HTE 48 (P7) setups.
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Considering the typical large scale demanded for parallel syn-
thesis, we selected P2 for its homogeneous irradiation and high
yields achievable within just 5 minutes. Operationally, the re-
actions were conducted on a 200 pmol scale in 1-dram vials
containing the pre-weighed radical precursors (2.0 equivalents
of the respective alkyl-Bpin) arranged in a 24-well plate (SBS
format). The workflow commenced with the automated addi-
tion of a pre-prepared 0.1 M DMF stock solution of the nickel
precursor, iridium photocatalyst, aryl halide, and morpholine
across the entire plate. Stirring and irradiation by blue LEDs
(445 nm) were then applied for 30 minutes to ensure complete
conversion of all the utilized building blocks. Heat dissipation
was facilitated by a recirculating fluid block connected to an

external chiller, maintaining the internal temperatures at 60 °C,
even though the set temperature was 10 °C.

We commenced our study by utilizing 24 alkyl pinacol boronic
esters (Bpins) (3 — 26) along with an aryl bromide 1 derived
from Flumazenyl. Encouragingly, 21 out of 24 building blocks
yielded acceptable results for standard medicinal chemistry
synthesis (>10% isolated yield after using automated high-
throughput purification platforms) within a timeframe of less
than 2 hours. Including reaction set-up, irradiation, work-up,
and preparation of analysis and purification plates, all accom-
plished without any human intervention (Figure 2b).
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Figure 2: (a) Instrumental composition of the PhotoPlay&Go: (1) disposable tips, (2) solvent/solution troughs, (3) scavenger, (4) vacuum
manifold, (5) analysis plate, (6) reaction plate; (b) Parallel synthesis: alkyl boronic ester scope; (c) Parallel synthesis: (hetero)aryl halide
scope. @ LMCS conversion. © Isolated HTP yield.
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Remarkably, our protocol demonstrated tolerance towards pri-
mary, secondary, and even challenging tertiary alkyl substrates
for nickel photoredox chemistry, with few exceptions like the
tert-butyl group (14). Moreover, primary and secondary ben-
zylic C(sp®) centers were successfully introduced under these
conditions using the model aryl bromide 1. The throughput of
our automated protocol prompted us to further explore the scope
of aryl halides for potential medicinal chemistry applications
(Figure 2c). To this end, we carefully selected 24 drug-like aryl
halide scaffolds (27 — 50) encompassing a diverse range of het-
erocycles, hydrogen-bond donors/acceptors, varying degrees of
polarity, and functional groups such as amides, carbonyls, pro-
tic, and trifluoro moieties. This allowed us to thoroughly probe
the methodological coupling process across a more comprehen-
sive chemical space. Upon subjecting these aryl halides to our
PhotoPlay&GO protocol, we observed that 20 out of 24 aryl
halides provided encouraging results, yielding greater than 10%
isolated yield in a PMC setting. Notably, various heterocycles
and functional groups, including primary and secondary

amides, unprotected benzimidazoles, nitriles, pyridines, sul-
fones and even aryl chlorides, were well-tolerated under the re-
action conditions.

Flow setups

After exploring various batch photochemistry tools, we opted
to assess flow photochemistry as a complementary approach to
the PhotoPlay&GO. Flow chemistry has emerged as a compel-
ling solution to address reproducible issues in photochemistry
because of small path-length tubing which enhances light pen-
etration, in accordance with the Lambert-Beer law. Addition-
ally, the substantial surface-to-volume ratio facilitates precise
control over reaction temperature. Furthermore, flow chemistry
enables meticulous management of reaction parameters such as
wavelength, light intensity, pressure, and irradiation time. 227
Despite these advantages, most instances in the literature em-
ploy flow chemistry for large scale synthesis, where steady-
state conditions are achieved, and dispersion is minimized.?-32

Figure 3. Optimization conducted on the plate-to-plate approach providing a comprehensive overview of the optimization efforts under-
taken to fine-tune the reaction conditions in flow (a) Screening of 24 ligand and 4 amine activators, (b) Follow-up screening of nickel
sources and amine activator, (c) Screening of equivalents and (d) Screening of residence time, light intensity, and temperature, focusing on

the two best nickel sources.
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The application of flow photochemistry in High-Throughput
Experimentation (HTE) and library synthesis has been con-
strained due to dispersion effects. Only a handful of platforms
have been described employing slug flow approaches, and to
date, a singular platform combining HTE and library synthesis
in flow remains unreported.**-* Moreover, translating chemis-
try protocols from batch to flow presents challenges due to the
differences in Kkinetics. To facilitate direct HTE in flow, which
involves running sequential experiments, we embarked on op-
timizing the process. Our objective is minimizing the residence
time while achieving high yields to maximize productivity as
number of experiments per unit time.

Initially, we adapted the Automated Vapourtec R2/R4 system
to the SBS format using a Gilson 205 rack holder, seamlessly
integrating it into our J&J’s modular automated (SBS) plat-
form.*® As a model substrate for the ART coupling, we selected
scaffold (A) (figure 3), which is a Pfizer drug marketed as
COX-2 inhibitor (Celebrex).** Following a preliminary resi-
dence time screening at 2, 5 and 10 minutes at 40 °C, we
achieved 49% assay yield within 5 minutes, enabling efficient
high-throughput experimentation (SI Table S18).“> Subse-
quently, we investigated the minimum injection volume feasi-
ble in the flow setup by performing 48 reactions with three dis-
tinct injection volumes (100, 250, and 500 pL at 0.1 M concen-
tration, SI Figure S18). Results indicated that at a 100 pL injec-
tion volume, the dispersion effect hampered the reaction. Con-
versely, while 250 pL resulted in slightly lower conversion rates

compared to 500 L, it offers the advantage of conserving pre-
cious starting material, thus minimizing material usage.

Reproducibility and robustness were evaluated by sequentially
running the same reaction using the UV-150 flow reactor from
Vapourtec (450 nm, 24 W). Initial attempts (SI Figure S20)
showed a standard deviation of 2.7% over 96 experiments, with
a variation of 7.2%. However, a decrease in yield was observed
over time, possibly due to degradation of components in the
stock solution during the extended reaction time of 32 hours. To
confirm this hypothesis, all possible reagent combinations were
prepared and reacted immediately and after 72 hours of mixing
(SI Figure S21). It was discovered that morpholine and the pho-
tocatalyst were incompatible, resulting in a significant loss of
yield after 72 hours. Subsequently, testing two separated solu-
tions- morpholine and aliphatic boronic ester in one line and the
rest of the reagents in the other- over 96 experiments led to re-
markably high reproducibility (variation of 2.5% and standard
deviation of 1.6% in LCMS vyield, Sl figure S22).

With the robustness and the reproducibility of the flow setup
confirmed, we proceeded to optimize the reaction by exploring
various parameters in a 96-well plate format. These parameters
included the metal source, catalyst ligand, amine activator, re-
action stoichiometry, reaction temperature, reaction time and
light intensity. We began the optimization through a combina-
torial screening of 24-ligand and 4 different 6-membered amine
activators bearing various substituents (Figure 3a).

Figure 4. Substrate scope of the initial 24-member aliphatic pinacol boronic ester library in continuous flow. 2 LMCS conversion. °
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Superior yields were achieved with electron-rich bipyridine lig-
ands, such as 4,4'-dimethoxybipyridine and dtbpy, in combina-
tion with morpholine, outperforming all tested piperidines (43%
assay yield). Subsequently, we systematically examined 6 dif-
ferent nickel sources and 12 amine-based activators (Figure 3b).
Morpholine in  combination with  NiCl,-glyme and
Ni(NOs),-6H,0 demonstrated similar yet superior results (43%
assay yield) compared to all the other combination.**** Harness-
ing the power of the HTE platform in flow, we screened the
loadings of the photocatalyst (0.5, 1, 2, and 3 mol%) and mor-
pholine (1, 2, and 3 equivalents) in combination with two nickel
sources (2.5, 5, and 10 mol%) (Figure 3c). This analysis identi-
fied 5 mol% of NiCl,-glyme, 2 equivalents of the morpholine
and 2 mol% of the photocatalyst as optimal, with 75% yield.
Fine-tuning of the residence time (2.5, 5, 10, and 20 minutes),
light intensity (12, 18 and 24 W), and temperature (40, 60, and

80 °C) established the optimal conditions as a 10-minute resi-
dence time, 40 °C, and 24 W light intensity, yielding the desired
product with a 77% vyield (Figure 3d). Although a longer resi-
dence time (20 min at 40 °C) yielded better results (82%), a
shorter reaction time is highly desirable in library synthesis, as
it reduces the total run time. This plate-to-plate approach
demonstrates the feasibility of conducting HTE experiments in
flow, showcasing the flexibility of the set-up through combina-
tory screening of temperature, residence time, and light inten-
sity for each run.

With the optimized conditions established, we proceeded to as-
sess this platform for library synthesis at a preparative scale.
Initially, we designed a 24-member library synthesis using the
Scaffold (A) (Celebrex) in combination with a wide range of
aliphatic boronic esters (Figure 4).

Figure 5. 96-member combinatorial library linking 12 aliphatic boronic esters and 8 drug-like (hetero)aryl scaffolds. 2 LMCS conversion.

b Isolated HTP yield.
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Encouragingly, we achieved a 75% success rate, enabling the
preparation of 20 new products in 8 hours (equivalent to 3 prod-
ucts per hour). Various coupling partners bearing diverse func-
tionalities were successfully introduced, including primary am-
ides (52), lactams (66), nitriles (5, 67 and 69), benzyl substitu-
ents (51 and 63), ethers (53, 55, 61 and 65), protected (57, 60)
and unprotected amines (59, 64, 68), allyl (74) and aliphatic
substituents such as methyl (71), ethyl (72), cyclobutyl (73) or
methylene cyclohexyl (56). However, alkyl fragments with
strong electron-withdrawing groups in o-position failed (sul-
fonamide 54, sulphone 62 and phosphate 70) failed to yield sig-
nificant product, with only traces observed under the optimized
reaction conditions.

Having established the viability of this flow platform for library
synthesis, we aimed to leverage its capabilities further by con-
ducting a 96-member combinatorial library, linking 8 scaffolds
with 12 aliphatic boronic esters. This combinatorial library in-
corporated a range of drug-like scaffolds, including the previ-
ously mentioned precursor of Celebrex (Scaffold A), an analog
of flumazenil (Scaffold B), and 6 additional drug-like scaffolds.
The 96-member combinatorial library was run in 32 hours
(equivalent to 3 products per hour), achieving a remarkable di-
versity of coupling partners and obtaining a 55% success rate
(Figure 5, Sl figure S25). Notably, the flow platform gave rise
to similar yields compared to the batch counterpart described
herein for the same substrates (SI Table S20).

As a general observation, two aliphatic fragments consistently
failed in the ART coupling, such as the amino acid derivative
(e.g., 83) and a methyl cyclopropyl fragment (e.g., 85). All the
other substituents containing diverse functionalities provided
generally acceptable yields, including ethers, carbamates, mor-
pholines, amides, sulfones, esters, and simple alkyl substituents.
However, drug-like scaffold (C) and scaffold (F) posed signif-
icant challenges, as they are highly electron-rich 5-membered
heteroaryl halides. Nevertheless, scaffold (D), containing a
(sp®)-hybridized nitrogen atom, successfully reacted with most
alkyl fragments and could be isolated in moderate to good
yields. Such Nsp3 centers are known to be particularly challeng-
ing in photoredox-catalyzed couplings due to their involvement
in single electron transfer (SET) events.*

Other highly elaborated scaffolds also yielded their desired
products in, acceptable yields irrespective of their diverse func-
tionalities (e.g., ketones, pyridines, piperazines, esters, sulfona-
mides, or unprotected alcohols among others). These results po-
sition this methodology as alternative to other traditional metal-
catalyzed couplings such as Negishi or Suzuki couplings.*® Im-
portantly, despite the generally low solubility of scaffolds (G)
and (H), it should be noted that there was no clogging of the
flow system, and conversion towards the desired products was
observed.

Conclusion

In summary, we conducted a systematic comparison of com-
mercially available photoreactors with a focus on issues en-
countered with high-throughput chemistry: irradiation uni-
formity, reproducibility, and temperature control. Temperature
emerged as a key variable in achieving desired product for-
mation and minimizing byproducts; while all reactors provided
desired product, temperature-controlled photoreactors consist-
ently outperformed. Batch photoreactors P6 and P7 provided
the highest conversions to desired product while minimizing
byproducts, and with minimal variation across reactor posi-
tions. These characteristics fits for HTE applications including

data generation campaigns to train AI/ML models, although un-
usual plate format (48 position) presents challenges for auto-
mated platforms. Photoreactor P2, despite lacking temperature
control and exhibiting greater byproduct formation, achieves ir-
radiation homogeneity and could successfully be integrated into
an automated liquid handler because of its standard plate con-
figuration and result compatible to the reaction scale of parallel
medicinal chemistry. None of the commercially available pho-
toreactors achieved temperature control at this larger scale.

In addition to assessing high throughput photochemistry batch
reactors, we developed a continuous flow platform suitable for
both HTE screenings and library synthesis. This platform lev-
erages the advantages of flow chemistry, where small diameter
tubing ensures uniform light irradiation and enhanced photon
efficiency. Additionally, the large volume-to-surface ratio ena-
bles excellent temperature control, contributing to high repro-
ducibility and robustness across a run of 96 experiments. How-
ever, the sequential nature of flow experiments necessitates
short residence times to minimize the total experiment duration.
The current platform requires relatively large injection vol-
umes, which is an issue when starting materials are in limited
supply. This may impose limitations on throughput, or the num-
ber of experiments conducted in flow. A platform combining
slug flow with the ability to run at library scale would address
this limitation.

The photochemical reactors in this study exhibit unique
strengths and limitations, and our results help to identify the re-
search applications where each reactor may be optimal. In ad-
dition, the data point toward future directions in reactor engi-
neering and innovation.

For instance, a chilled 24-position parallel photoreactor would
add value, occupying a reaction scale large enough for tradi-
tional medicinal chemistry, coupled with the data robustness re-
quired for AI/ML applications. Moreover, integrating these
photoreactors into automated synthesis platforms (SBS-format)
could enhance reproducibility by minimizing human interven-
tions. Although technically challenging to construct, higher-
density plates (>96 positions) with uniform irradiation and pre-
cise temperature control have the potential to transform data
generation for Al-ML and reaction discovery.
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