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ABSTRACT: The quantum yield of a photocatalytic reaction significantly influences its performance, as reactions with low quantum
yields require more intense light sources and longer illumination times to achieve efficient reaction rates. Unfortunately, the im-
portance of quantum yield is often overlooked in the design of photocatalytic reactions for small molecule synthesis, leading to
potential cost implications and reduced productivity. This study examines various photochemical reactor designs from the literature
to estimate photon flux and light generation costs, and investigates the impact of quantum yield on both cost and productivity. The
findings reveal substantial penalties in cost and productivity when quantum yields are low. For instance, external quantum yields
below 1% can result in significant light generation costs and maximum productivities of less than one mole of product per day.
Moreover, the study highlights that high quantum yields have a larger effect on potential productivity than high product yields. By
optimizing for quantum yield instead of product yield, kinetic and revenue modeling for the photoredox-mediated synthesis of
ceralasertib demonstrate the potential for generating hundreds of thousands of dollars in additional revenue per day. Overall, this

work emphasizes the need for increased consideration of quantum yield in the design of photocatalytic reactions.

Over the last ten plus years, the recognition of light as a tool
within synthetic chemistry has enabled the development of new
and transformative methods for small molecule synthesis.!™
Light is harvested by a photocatalyst, which can then be trans-
ferred to a substrate via energy transfer or the photon’s energy
can be converted into an electrical potential and used to drive
electron transfer between the excited photocatalyst and a sub-
strate. The later class of reactions, termed photoredox, generate
radical species that then undergo non-photochemical (i.e., dark)
reaction steps to generate the final product. Unlike many tradi-
tional synthetic methods, photochemical reactions typically oc-
cur at or near room temperature, with the energy needed to sur-
mount the reaction barrier provided by a photon, though reac-
tions that incorporate a second catalytic cycle (e.g., dual photo-
redox) sometimes exhibit enhanced performance at higher tem-
peratures.’ Consequently, the energy input from light should be
considered alongside other raw material inputs in terms of uti-
lization and cost within a reaction.

In principle, the energy input for a photochemical reaction
could come from directly solar power, which is both sustainable
and free (neglecting system manufacturing and cooling costs)
and solar reactors capable of kg-scale manufacturing have been
demonstrated.® However, direct use of solar energy for large-
scale photochemical manufacturing also presents challenges
such as low photon fluxes, intermittency, and broadband illu-
mination including UV light. Some photocatalytic reactions ex-
hibit wavelength-dependent chemoselectivity, which can result
impact the product distribution.” Photoinduced decomposition
or transformation of the active catalytic species also poses a
challenge in the design and utilization of some reactions.®’
Some of these challenges can be overcome with reactor design
(e.g., the use of concentrating reactors) but that can introduce
new challenges such intense heat generation and the need for
efficient cooling. Instead, the majority of large-scale

photoreactors have relied on artificial light sources (e.g.,
LEDs).! While the electricity for these light sources could be
generated from solar sources, issues of intermittency still exist
and generally grid electricity is used. In addition, lack of data
about reactor design, reaction mechanisms, and the temporal
performance of a reaction have all served to limit the develop-
ment of new reactions and reactors.!!

The use of light within a photochemical reaction can be as-
sessed with different metrics. Energy intensity is a metric
widely adopted within green chemistry and is defined as the to-
tal process energy divided by the mass of the final product.'>!3
The Bunsen-Roscoe law states that the photochemical effect of
a reaction is directly proportional to the energy dose regardless
of the illumination time (intensity of light x illumination time =
constant).'* This in turn relates to the inverse-square law of
light, which describes the decrease in light intensity with in-
creasing distance from the light source. These laws highlight
the relationship between light intensity and kinetics, which in
turn relate to the reaction quantum yield (QY). The reaction QY
can be defined as either the internal QY (moles of product pro-
duced/moles of photons absorbed) or external QY (moles of
product produced/moles of incident photons). Due to the wide-
spread use of the term “quantum yield” in the literature, that
term is used in this discussion. However, it is important to note
that the term photonic yield or apparent yield may also be used
instead of external QY and is recommended by IUPAC to dis-
tinguish from the term “quantum yield,” which in this case
would be analogous to internal QY.'” In addition, the use of “ef-
ficiency” is recommended when dealing with broadband illumi-
nation, while “yield” is recommended for monochromatic light
sources. In general, the discussion in this manuscript explicitly
or implicitly assumes monochromatic illumination and so the
term “quantum yield” is used.



A low internal QY indicates kinetic inefficiency within the
reaction with one or more unproductive pathways outcompeting
the desired, productive pathway (e.g., inefficient excited state
quenching). The external QY incorporates information about
the internal QY as well as light losses related to scattering, in-
complete light harvesting, and light loss due to reactor design.
Thus, a low external QY could be related to a low internal QY
or to some aspect of reaction or reactor design. Unfortunately,
despite the prevalence of accessible methods to measure QY, !¢
2l the QY of synthetic electron transfer and photoredox reac-
tions is not widely reported and measurement of QY is not a
standard characterization metric for new reports.

Within a photochemical reaction, the QY predominantly im-
pacts the rate of the reaction, with a low QY leading to slow
product generation. Use of more intense light sources can in-
crease the rate of product formation,”> however in some cases
increasing the light intensity can lead to a change in mechanism
and decrease in QY.? Understanding the interplay between QY,
reaction rate, and cost is critical to enable the development of
large-scale photochemical syntheses and to shape the develop-
ment of new photochemical methods. Unfortunately, there is a
gap in our understanding of how QY impacts the viability of a
reaction, particularly at scale. The analysis reported here nar-
rows that gap by presenting the first detailed estimation of the
cost of QY in both real dollars and lost productivity. Using data
from experimentally demonstrated photoreactors, both the pho-
ton flux and light generation costs per mole of photons can be
estimated. Low external QY can to introduce meaningful costs
for light generation and hard limits on possible reactor produc-
tivity. From an economic productivity standpoint, optimization
of QY the below analysis suggests that optimizing reactions for
QY is more beneficial than optimizing for product yield (PY).
In all cases, radical chain reactions, where more than one prod-
uct molecule is generated from a single photon, are shown to be
desirable from both a cost and productivity standpoint. Overall,
this work highlights the need for increased studies of the rela-
tionship between QY reaction mechanism, and reactor design.

RESULTS AND DISCUSSION

Analysis of photoreactors. As a starting point for under-
standing the impact of QY, we can begin by estimating the pho-
ton flux and cost per mole of photons for different photochem-
ical reactors.?*¢ The photon flux was estimated based on the
total optical power within the system and makes no assumptions
about distance from the light source. For entries 1, 3, 4, and 7,
the optical power within the reactor was measured directly. For
all other entries, the optical power was estimated based on the
reported optical power of the light source. It is important to note
that photon fluxes in Table 1 represent the optimal photon flux,
however the photon flux will decrease over time and thus de-
crease reactor productivity, though that is not considered in
these estimates.

The cost per mole of photons was estimated using a modifi-
cation of the method described by Sender and Ziegenbalg.?
Specifically, the cost was estimated using the electricity cost for
each light source, the cost of replacing each light source pro-
rated over estimated lifetime, and electricity costs associated
with cooling (see supporting information for complete details).
Costs associated with the fabrication of reactor, purchase and
replacement of a power supply, and purchase of cooling system
(e.g., a chiller) were not included and instead treated as upfront

system costs, which were not considered in this analysis. There
are also other limitations in these estimates that should be
acknowledged. A cost of $0.073 per kWh of electricity was as-
sumed based on the US national average for industrial electric-
ity in January 2022,%® though the cost of electricity can vary
widely based on location. The lifetime of the light source also
introduces significant uncertainty. Many of the lifetimes are
based on estimates, which may vary significantly depending on
a variety of environmental factors (e.g., efficiency of cooling,
duty cycle). Replacement costs are based on these estimated
lifetimes of the light sources, which could be underestimated or
overestimated. In addition, the cost of light source replacement
could be decreased via economy of scale with large scale pho-
toreactors. It is worth noting, however, that while ultraviolet
and longer wavelength (A > 540 nm) LEDs have significant
room for improvement in power conversion efficacy, blue
LEDs are currently approaching their theoretical maximum ef-
ficacy.? This suggests little potential for future increase photon
fluxes for many of reactor designs described in Table 1. Finally,
the costs of cooling are difficult to estimate as the degree of
insulation and amount of heat generated by the light sources
will have a significant impact on the chiller efficiency and
power consumption.



Table 1: Photon flux, cost per mole of photons, and experimental productivity for various photoreactors

Entry | Reactor Type | Light Wave- | Photon Cost per mol | Moles of Experimental | Estimated Ref.
Source length | Flux photons photons per | Productivity QY
(nm) (mol ) day (mol/day)
photon/s)
Merck Batch 6.89 x 0.0011 — 0.002 —
1 Reactor LED 450 106 0.115 0.595 0.422 0.709 24
2 3D-Printed LED 440 179 x 0.087 15.5 0328 0.002 25
Reactor 10
Merck Con- 290
3 tinuous Flow LED 405 '10_3X 0.076 251 46.5 0.186 26
Reactor
Merck Plug 2.87x
4 Flow Reactor LED 440 10° 0.0441 248 201.7 0.813 27
Corning Ad-
vanced Flow 1.85x
5 G3 Photo Re- LED 405 103 0.092 160 410.3 2.567 28
actor
¢ | Falling Film LED 395 | 493X 0.054 0.428 0.0356 0.083 29
Reactor 10
. Medium
7 | Continwous | po e | 200 | 830x 1.972 7.17 0.87 0.121 30
Flow Reactor Hg Lamp 300 10
Parallel Low Pres- 1.02 x
8 Quartz Tube sure Hg 254 '10_4 0.091 8.81 0.023 0.003 31
Reactor Lamp
Laser-Based 245 x
9 Continuous CW Laser 450 T4 0.7994 21.2 204.5 9.661 32
Stirred Tank 10
Continuous 268 x
10 Stirred-Tank LED 440 1'0.413 0.0553 232 0.0104 4.49 x 10 33
Reactor
Vapourtec E 9.04 x
11 UV-150 LED 450 10 0.2425 7.81 0.007 0.001 34
Bristol Mey-
ers Squib 273 x
12 Large-Scale LED 395 Vs 0.086 236 20.0 0.085 35
Flow Photore- 10
actor
Pacer Photo- 485 x
13 chemistry I1- LED 525 '10,5 1.66 4.18 0.707 0.169 36
luminator

2QY for the reactor estimated by dividing experimental productivity by photon flux per day

bSee Supporting Information for discussion of photon flux

Table 1 shows the estimated photon flux and cost per mole of
photons for 13 notable examples of photoreactors described in
the literature. While the list is not comprehensive, most com-
mon photoreactor architectures are represented.!” There is a
wide range in estimated photon flux from 4.95 x 10° mol pho-
tons/s to 2.9 x 107 mol photons/s. In the case of LED-based
systems, the difference in photon flux is overwhelmingly driven
by a difference in the number of LEDs. The estimated costs per
mole of photons are generally on the order of less the $0.10,
with the exception of the entries 7, 9, 11, and 13. In these cases,
the increase cost per mole of photons driven largely by large
replacement costs for the light sources (Figure S1). The cost es-
timates in Table 1 are in good agreement with Sender and

Ziegenbalg,” especially when accounting differences in elec-
tricity costs. Also, the electrical efficiencies for most of the
high-power LEDs used in the photoreactors analyzed for this
study are somewhat lower than the ~0.4 to 0.5 in the Sender and
Ziegenbalg estimates. Finally, Table 1 also includes the experi-
mental productivity reported for each photoreactor. Care must
be taken in the comparison of the productivity data since each
data point is on different reactions with different OY.

Generally, as the flux of the reactor increases, the experi-
mental productivity also increases. There is not a strong corre-
lation between cost per mole of photon and photon flux, with
the highest photon flux (entry 3) having an estimated cost per
mole of photon of $0.076. Interestingly, the entries with the
highest experimental productivity (entries 5 and 9) produce




A 1,000

800

600

400

200
7 k) HE Z =
o o = = =
- - —

External Quantum Yield

$10,000+
$1,000
$100
$50
$40
$30
$20
$10

$5

$1

$0.1
$0.01

Molecular Weight (g/mol)

107

-
o
9

<1 mmol / day

1 mmol / day

o
b

10 mmol / day

o
L

100 mmol / day
1 mol / day

A
o
&

10 mol / day

100 mol / day
1000 mol / day
> 5000 mol / day

Photon Flux (mol photon/s)
=]
&

s
o
4

@ o
i

o
st

10°

T
o

b
o
=

External Quantum Yield

Figure 1. A) Added cost of light generation as a function of external QY and product molecule weight, assuming a cost per mole of
photons of $0.08. B) Maximum productivity per day as a function of external quantum yield and photon flux.

significantly more moles of product than predicted by the theo-
retical light output of the reactor. This strongly suggests radical
chain behavior. Entry 9, a photoredox trifluoromethylation, pro-
ceeds via a radical chain where an iodine radical propagates the
reaction.’? Entry 5 also likely proceeds via a radical chain, as
bromination reactions are known to exhibit radical chain behav-
ior.#4! The rest of the experimentally demonstrated productiv-
ities utilize less than 100% of the predicted photon flux. Only
entries 1 and 4 convert a moderate to large fraction of reagents
into products (0.709 and 0.813, respectively). The rest of the
entries in Table 1 convert less than 20% of the photons pro-
duced by the reactor into product.

The ratio of the experimental productivity to the estimated
photon flux essentially estimates the external QY for the reac-
tion in Table 1. Low values likely arise from a combination of
a low QY for the target reaction and reactor design. For exam-
ple, in a flow reactor light may be lost by scattering off tubing
or in illuminating portions of the reactor without tubing. Having
a photocatalyst concentration too low to absorb nearly all in-
coming photons could represent another light loss pathway.
Any reactor where light from the illumination source can be
seen outside of the reactor is exhibiting light loss that limit the
external QY to below 1 for any non-chain reactions.

Economic and productivity impact of quantum yield. QY
primarily relates to the rate of the reaction; a low QY typically
results in a reaction that is slow to reach completion. The impact
of QY on the reaction can manifest in one of two ways. Either
QY can introduce increased costs due to light generation or
through an opportunity cost related to lower productivity.

Figure 1A shows the cost per kilogram of product as a func-
tion of external QY and molecular weight. The light cost per
kilogram is calculated using a cost per mole of photons of $0.08,
which is within the reasonable range for a highly productive
photoreactor. Figure 1A shows that as the external QY of the
reaction decreases below 1, the costs associated with light gen-
eration begin to increase. At an external QY of 0.1 and a product
molecular weight (MW) of 200 g/mol, the costs associated with
light generation are estimated to be $4/kg. When the external
QY goes lower, the added costs increase sharply to hundreds or
thousands of dollars per kg of product. Figure 1A also shows
that reactions with external QY greater than 1 (i.e., radical chain
reactions) will have negligible costs associated with light gen-
eration. In radical chain reactions, an initial radical species is

generated and then generates additional radical species, which
propagate the reaction. For a photoredox reaction, this means
that one photon can generate multiple product molecules. While
radical chain reactions are known to occur in photoredox catal-
ysis, !¢ chain behavior is usually discovered after developing the
reaction and is not an intentionally designed feature. Depending
on reactor design, the data in Figure 1A suggests that an in-
creased emphasis on the design and understanding of photore-
dox radical chain reactions may prove to be an interesting route
to more efficient reactions. An example of this was demon-
strated by Bonfield et al.*? who demonstrated that the radical
chain Wohl-Ziegler reaction actually proceeds better with de-
creased light intensity and therefore lower power consumption.

In many cases, the added cost due to light generation is un-
likely to have a significant impact on pharmaceutical synthesis,
however, it is noteworthy that the low estimated QY for entries
10 and 11 introduce added light generation costs of $668 and
$897 per kilogram of product, respectively. Also, the potential
costs due to light generation could be significant in the synthesis
of agrochemicals, which are significantly more sensitive to pro-
cess costs. 4344

In addition to increased costs due to light generation, a low
QY introduces a separate opportunity cost that can be signifi-
cant (see below) should also be considered. Figure 1B shows
potential productivity per day as function of external QY and
reactor photon flux. Based on the data in Table 1, the highest
photon fluxes reported to data are approximately 2.9 x 107
moles of photons per second. At that photon flux, a reaction
with an external QY of 1 could produce a maximum of 256 mol
of product per day. Those numbers are in excellent good agree-
ment with the experimental productivity of the Merck Plug
Flow Reactor (Table 1, Entry 4). However, even at high photon
fluxes, reactions with lower external QY's will struggle to gen-
erate even 10 mol of product per day. A stark contrast can be
drawn to reactions with external QY of 1 or less and radical
chain photoredox reactions. Even at low photon flux (1 x 10
mol photon/s), modest radical chain reactions are predicted to
have productivities of 10 moles of product per day or greater.
At a photon flux of 2 x 10- mol photon/s, a reaction with an
external QY of 10 is predicted to generate 1728 moles of prod-
uct per day. Entries 5 and 9 in Table 1 also demonstrate the po-
tential impact of radical chain reactions on overall reactor
productivity.
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Figure 2. (top) Productivity per day as a function of PY and exter-
nal quantum yield assuming a photon flux of 2 x 103 mol photon/s.
(bottom) Additional light costs as a function of PY and external
quantum yield assuming a photon flux of 2 x 10~ mol photon/s and
cost of $0.08 per mole of photons.

In general, extremely low QY are not an unrealistic possi-
bility as reports of QY on the order of 0.01 or less are common
in the literature.**¥ We also recently demonstrated that experi-
mental quencher concentrations for short-lived, organic photo-
catalysts are often much too low to ensure efficient quenching
and therefore will lead to low QY.* It is also important to em-
phasize that the QY in Figure 1 is an external QY. Our recent
work on the coupling of 1,4-dicyanobenezene and N-phe-
nylpyrrolidine showed that while the internal QY of the reaction
was close to 1 at early times, because of parasitic light absorp-
tion and scattering losses, the external QY was 0.3 or less.??
Similarly, a reactor design that does not ensure complete light
absorption will also decrease the external QY.

Ideally, both the PY and QY of the reaction will be high.
However, during the development of a new photoredox method,
the PY of a reaction is usually the key focus for optimization,
though that may not be the optimal strategy when considered
through the lens of QY. The top panel of Figure 2 shows the
daily productivity as a function of PY and external QY, while
the bottom panel shows the added light cost as a function of PY
and external QY, assuming a photon flux of 2 x 10~ mol pho-
ton/s and a cost of $0.08 per mole photon. Ata PY and external
QY of 1, 173 mol of product can be produced in a given day.
However, when the external QY falls below 0.6, less than 100
mol of product will be produced per day. Realistically, complete
conversion of all starting material and recovery of all product is
often challenging or impossible, making practical PYs less than
1. As an example, a reaction with a product and external QY of
0.75 will produce less than 100 moles of product per day at a

light flux of 2 x 10~ mol photon/s. In contrast, a reaction with a
PY of 0.2 and an external QY of 10 will produce ~350 moles of
product per day. While this analysis neglects other considera-
tions such as product purification, it highlights that in some
cases optimization of QY may be more productive than optimi-
zation of PY. In terms of added light generation costs, these
costs only become significant in the context of pharmaceutical
synthesis in the case of extremely low PY (<0.1) and low exter-
nal QY (<0.001). For reactions that are more sensitive to eco-
nomic considerations, Figure 2 shows that light generation costs
depend most strongly on external QY.

Case study on the impact of QY. To explore the impact of
QY on a real reaction, the photoredox-mediated synthesis of
ceralasertib was examined. Ceralasertib is a commericially
available compound that is also a promising anti-cancer com-
pound currently in clinical trials.’*3! Graham et al.’> demon-
strated that a key intermediate, 2,4-Dichloro-6-[1-(methylsulfa-
nyl)cyclopropyl]pyrimidine, could be prepared via a large-scale
photoredox approach using a flow reactor. In addition, an in-
dustrial scale synthesis for the conversion of 2,4-Dichloro-6-[1-
(methylsulfanyl)cyclopropyl]pyrimidine to ceralasertib> is also
available. Together, this provides a plausible, complete route to
a commercially available product that incorporated a photore-
dox step (Scheme S1). In addition, some kinetic and mechanis-
tic data, as well as QY and PY, was available for the photoredox
step.” Thus, through a combination of kinetic and revenue mod-
eling, the economic impact of QY on a reaction at scale can be
approximated.

Using the proposed reaction mechanism and available kinetic
data, a simple kinetic model was developed (Supporting Infor-
mation). Because the kinetics and mechanism of the 2,4-Di-
chloro-6-[1-(methylsulfanyl)cyclopropyl]pyrimidine photore-
dox reaction have not be characterized in detail, several rate
constants had to be assumed in the modeling (Scheme S2). The
key steps in the reaction involve oxidative quenching by a redox
active phthalimide ester, which fragments into a methyl-
sulfanylcyclopropyl radical that is then captured by chloropy-
rimidine. The resulting radical is then oxidized by the oxidized
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photocatalyst to give 2,4-Dichloro-6-[ 1 -(methylsulfanyl)cyclo-
propyl]pyrimidine. Several unproductive pathways not speci-
fied in the mechanistic were also added, including relaxation of
the excited photocatalyst and oxidation of the methylsulfanyl-
cyclopropyl radical by the oxidized photocatalyst. Most im-
portantly, a decomposition step of the methylsulfanylcyclopro-
pyl radical was included with a rate constant of 2.7 x 10% s7!.
Inclusion of this step gave a PY of 52.5%, with 3.4% of the
starting  dioxoisoindolin-2-yl)1-methylsulfanylcyclopropane-
carboxylate left unreacted, both of which are in nearly identical
agreement with the experimental report.”> The modeling pre-
dicts an initial QY of 0.33 that decays to 0.15 over 33 minutes.
The initial QY is somewhat lower than the reported value
(0.61), however, it is important to note that the experimental
QY was determined based on consumption of the starting ma-
terial and not on product generation. If the QY from the kinetic
modeling data is calculated based on starting material consump-
tion, a QY of 0.58 is obtained. Taken together, this demon-
strates that the kinetic modeling reproduces the observed per-
formance of the reaction quite well.

By using the PY and QY data obtained from the kinetic mod-
eling, we can examine the influence of QY on the potential rev-
enue generated from a raw material cost perspective in the syn-
thesis of ceralasertib. Based on the published route to ceralsertib
and raw material costs, the estimated total cost per gram of cer-
alsertib is $4170 with a commercial price of $14,700 (support-
ing information). For the revenue modeling, however, the cost
was split into the cost associated with generating the product
from the photochemical step, 2,4-Dichloro-6-[1-(methylsulfa-
nyl)cyclopropyl]pyrimidine ($2927.60 per gram), and then the
cost associated with the subsequent transformation of the pho-
tochemical product. It is essential to note that this analysis fo-
cuses solely on raw material costs and does not include person-
nel and other operating expenses. Also, while the analysis con-
siders the reported raw material costs associated with reagents
for purification, the analysis does not consider personnel costs,
reagents without specified amounts, or other costs connected
with purification. However, despite these limitations, this ap-
proximation offers valuable insights into the impact of QY. It is
also worth noting that 1 g of 2,4-Dichloro-6-[1-(methylsulfa-
nyl)cyclopropyl]pyrimidine represents 0.00448 mol, meaning
that 1 mol of 2,4-Dichloro-6-[1-(methylsulfanyl)cyclopro-
pyllpyrimidine would cost approximately $653,282 to make.
For the light generation costs to exceed 5% of the material costs,
the PY would need to be less than 3% and the external QY
would be less 0.0002. While the costs associated with different
photochemical reactions obviously differ, this highlights how
little the light generation costs can impact the final costs for a
typical photochemical synthesis.

Figure 3 depicts the predicted daily revenue as a function of
residence time and the fraction of unreacted starting material
recovered. All curves exhibit a similar overall shape. Initially,
at short residence times, a net negative revenue (not shown) is
observed due to the relatively low PY compared to the daily
volume of reagent consumed. For all the curves, the maximum
PY of 52.5% is achieved at a residence time of 1980 s. How-
ever, the point of maximum revenue occurs prior to that time
and is heavily dependent on the fraction of unreacted starting
material that can be recovered. If complete recovery of unre-
acted starting material is achieved, the peak revenue is attained
at a residence time of 228 s with a PY of only 12.3%. Con-
versely, in the absence of any unreacted starting material recov-
ery, the peak revenue is reached at 1040 s with a PY of 41.9%.

Notably, the analysis consistently demonstrates that achieving
the maximum PY does not correspond to the highest predicted
revenue. This discrepancy arises from the decline in QY over
time, resulting in a reduced rate of product formation during pe-
riods when photons are administered to the reaction, but mini-
mal product is generated. Throughout a single day, the disparity
between peak revenue and the revenue generated from the max-
imum PY can be substantial, ranging from over $350,000 for
complete starting material recovery to over $80,000 for no start-
ing material recovery. Extrapolated over a year, these differ-
ences amount to tens or hundreds of millions of dollars.

The primary limitation affecting the QY in the photoredox
synthesis  of  2,4-Dichloro-6-[ 1-(methylsulfanyl)cyclopro-
pyllpyrimidine is the incomplete quenching of the photocata-
lyst's excited state. According to data from Graham et al.,*? only
approximately 58% of the excited states of 3DPA2FBN are
quenched by (1,3-dioxoisoindolin-2-yl)1-methylsulfanylcyclo-
propanecarboxylate (3DPA2FBN). This is primarily due to the
short-lived excited state lifetime of 3DPA2FBN, which is 4.2
ns, making it inefficient for quenching through bi-molecular,
diffusional interactions. By keeping all other kinetic parameters
constant and using a photocatalyst with a slightly longer life-
time of 10 ns, the initial QY can be increased to 47%, resulting
in a PY of 73.4% at a residence time of 1980 s. The increase in
QY is driven by a higher percentage of quenched excited states
(~82%). Photocatalysts with lifetimes around 10 ns are com-
monly found among organic photocatalysts, and transition
metal and some organic photocatalysts can offer lifetimes ex-
ceeding 1 us.>*3 On the other hand, the kinetic modeling can
also be performed using a photocatalyst having a 1 ns lifetime.
In this case, although the reaction achieves nearly the same PY
(51%), a longer residence time of 2800 s is required to achieve
max PY due to the significantly lower QY (initial QY of
16.5%). The decrease in QY and the corresponding increase in
reaction time can be attributed to the inefficient utilization of
excited states, as only 31% of them are quenched when using a
photocatalyst with a 1 ns lifetime.

The impact of photocatalyst lifetime, and consequently the
QY, on the net daily revenue can be observed in Figure 4. The
figure displays the predicted net daily revenue for reactions with
photocatalyst lifetimes of 1 ns, 4.2 ns, and 10 ns, assuming 30%
of the unreacted starting material is recovered. Under these con-
ditions, the peak revenue for the 1 ns photocatalyst is projected
to be $208,005 per day. However, with a longer lifetime of 4.2
ns, the peak revenue more than doubles, reaching $414,767 per
day. Despite both photocatalysts achieving nearly identical
maximum PY, the higher QY associated with the 4.2 ns photo-
catalyst makes the reaction significantly more productive. Fur-
thermore, at a lifetime of 10 ns, the maximum revenue reaches
$755,780 per day, even with only a modest increase in maxi-
mum PY.

While the preceding discussion focused on 2,4-Dichloro-6-
[1-(methylsulfanyl)cyclopropyl]pyrimidine and ceralasertib,
the findings are applicable to all photochemical reactions, as the
QY tends to decrease as the reaction progresses toward comple-
tion. This decrease in QY can be attributed to various factors.
One simple reason is that as the reaction proceeds, the rates of
certain steps in the reaction slow down as different reagents are
consumed. For instance, as the quencher is consumed during the
reaction, the rate of quenching will decrease as the product con-
version increases. Consequently, relaxation of the photocatalyst
excited state can become competitive with quenching, leading



to a decrease in the internal QY. Additionally, byproducts gen-
erated during the reaction can also contribute to the decrease in
QY. For example, in the coupling of 1,4-dicyanobenzene and
N-phenylpyrrolidine, the production of acetic acid as a byprod-
uct acts as a quencher in the reaction.”” Running a reaction to
complete conversion will always be less productive than run-
ning a reaction to partial conversion while maintaining a high
external QY. This suggestion is supported by the work of Lé-
vesque et al., who demonstrated an almost four-fold improve-
ment in overall productivity when they decreased residence
time and reduced the conversion from maximum of 90% to
42%.7

CONCLUSIONS

While QY has historically been neglected in the development
and description of photoredox reactions, the above analysis
demonstrates the significant financial and opportunity cost that
a low QY imparts on a reaction. As a result, it is clear that de-
veloping reactions and reactors that give high external QY's may
play a major role in the future development of industrially scal-
able photoredox chemistry. Recent reports demonstrate simple,
approachable methods for measuring QY, which should enable
the reporting of QY measurements as a standard practice in the
disclosure of new photoredox reactions. Along with an in-
creased focus on QY measurements, an increased mechanistic
and kinetic understanding of photoredox reactions will be nec-
essary to design new strategies to maximize QY. A recent per-
spective from Ziegenbalg et al. highlighted the importance of
increased mechanistic and kinetic considerations and suggested
a minimum set of reported parameters, including QY infor-
mation, for reporting photochemical data.>

Furthermore, the balance between PY and QY is important
for optimizing photochemical reactions. While PY is typically
the focus during reaction optimization, optimizing QY may lead
to higher productivity. The above analysis demonstrates that re-
actions with lower external QY's struggle to generate significant
product quantities, even at high photon fluxes. It is also clear
from the above analysis that in some cases it may be better to
optimize for QY instead of PY. In particular, low PY reactions
with high QY may prove to be more economically viable than
reactions with high PYs and inefficient light utilization. The
case study of the photoredox-mediated synthesis of ceralasertib
further supports the importance of QY in determining the po-
tential revenue generated a synthetic process. While the analy-
sis cannot completely capture all costs associated with the prep-
aration of ceralsertib (e.g., personnel and purification costs), at
a minimum it highlights that the impact of QY should be a con-
sideration in the implementation of large-scale photochemical
reactions.

In addition to a broader understanding of QY, this work high-
lights the opportunity to develop radical chain photoredox reac-
tions. In terms of both light generation costs and overall produc-
tivity, reactions with a QY greater than 1 offer the promise of
high productivity reactions. While many transformations may
not amenable to a chain approach, the design principles for pho-
toredox radical chain reactions and thus the potential scope are
not well understood. In depth studies of known photoredox rad-
ical chain reactions may help enable the intentional develop-
ment of further radical chain reactions.

Finally, this work emphasizes the need to further characterize
and develop large-scale photoreactor designs. While the above
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Figure 4. Predicted daily revenue based on material costs for
the synthesis of ceralasertib as a function of residence time and
photocatalyst lifetime: 10 ns (black curve), 4.2 ns (blue curve),
and 1 ns (orange curve). Initial QY are reported for each curve.
The analysis assumes that 30% of unreacted starting material is
recovered.

analysis suggests that added light costs associated with light
generation are likely not significant, more in-depth experi-
mental studies are needed to confirm this. Experimental deter-
mination of photon fluxes and cooling requirements are neces-
sary for more accurate analyses of cost and productivity im-
pacts. Knowledge of the total photon flux within the reactor
would also allow determination of external QY for large-scale
reactors, which would help identify differences in internal ver-
sus external QY within the photoreactor and should lead to im-
provements in reactor design. Finally, studies focusing on long-
term photoreactor operation are needed to understand whether
estimated LED lifetimes bear out in operational conditions.

METHODS

The cost per mole of photons was estimated by considering
the electricity cost for running the light source, the cost of re-
placing the light source(s) divided by the estimated lifetime of
the light source, and the electricity cost associated with cooling
the system. Replacement costs for the cooling system were not
included except in the case of entry 2, which uses Peltier coolers
with a known lifetime. A cost of $0.073 per kWh of electricity
was used in all calculations.?® This was the average cost of elec-
tricity for industrial use across the United States in January
2022, though state by state costs vary widely from $0.186 to
0.0532 within the contiguous United States. The lifetime of the
different light sources was either taken from the manufacturer
reports or, if unavailable, from the estimates used by Sender and
Ziegenbalg.”’

If available, experimentally determined photon fluxes were
reported in Table 1. Alternatively, specifications from the light
source manufacturer were used to determine photon flux. The
total photon flux was calculated and not normalized to area so
that no assumptions about the distance of the light source from
the reaction were made.

Complete details for all calculations are available in the sup-
porting information.

Kinetic modeling. A complete description and discussion of
the Kinetic modeling is available in the supporting information.
In brief, using the mechanism and kinetic information provided



by Graham et al.,** the reaction was rebuilt using Kinetiscope.’
Where experimental rate constants were available, those values
were used, otherwise plausible values for rate constants were
assumed. Unproductive steps were also included, specifically
relaxation of the excited photocatalyst, oxidation of the methyl-
sulfanylcyclopropyl radical, and decomposition of the methyl-
sulfanylcyclopropyl radical. The QY and PY of the reaction was
particularly sensitive to the later step. Scheme S2 shows the
complete assumed reaction mechanism and rate constants for
the kinetic modeling.

Revenue modeling. A complete description and discussion
of the revenue modeling is available in the supporting infor-
mation. Using a photoredox-mediated route to ceralasertib,3233
the raw material costs associated with each step were deter-
mined using the lowest commercially-available price per gram
or per liter. Using the QY and PY data available from kinetic
modeling, the daily productivity and daily cost for the photo-
chemical production of 2,4-Dichloro-6-[ 1-(methylsulfanyl)cy-
clopropyl]pyrimidine as a function of residence time was deter-
mined. A reported overall yield of 34.8% was used to calculate
the conversion of 2,4-Dichloro-6-[1-(methylsulfanyl)cyclopro-
pyllpyrimidine to ceralasertib. The costs associated with the
conversion of 2,4-Dichloro-6-[1-(methylsulfanyl)cyclopro-
pyl]pyrimidine were also determined and added to the costs for
the synthesis of 2,4-Dichloro-6-[1-(methylsulfanyl)cyclopro-
pyllpyrimidine to give an overall cost for the synthesis of
ceralasertib. Varying fractions of unreacted starting material
were assumed and the value of the recovered starting material
was calculated using a value of $743.95 per gram (see Table
S2). The value of the ceralasertib was determined by multiply-
ing the daily predicted amount of ceralasertib produced by the
commercial price of $14,7000 per gram.>® To determine the net
daily revenue, the estimated costs associated with producing
ceralasertib were subtracted from the value of the ceralasertib
and value of recovered starting material.
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