View Article Online

View Journal

M) Cneck tor updates

Green
Chemistry

Cutting-edge research for a greener sustainable future

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: J. Park, S. H. Kim,
J. Cho, S. R. Atriardi, J. Kim, H. Mardhiyah, B. Y. Park and S. K. Woo, Green Chem., 2024, DOI:
10.1039/D4GC05769D.

o This is an Accepted Manuscript, which has been through the
e Royal Society of Chemistry peer review process and has been
Green i ’e °

. accepted for publication.

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard

™ Terms & Conditions and the Ethical guidelines still apply. In no event
o~ shall the Royal Society of Chemistry be held responsible for any errors
o OF CHEMISTRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.
#® 2OVAL SOCIETY rsc.li/greenchem

PN OF CHEMISTRY


http://rsc.li/greenchem
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d4gc05769d
https://rsc.66557.net/en/journals/journal/GC
http://crossmark.crossref.org/dialog/?doi=10.1039/D4GC05769D&domain=pdf&date_stamp=2025-02-20

Page 1 of 10 Green Chemistry

View Article Online
) ) DOI: 10.1039/D4GC05769D
1. How does your work advance the field of green chemistry?

This method is a sustainable synthetic approach that employs mild, atom-economical reaction conditions with green solvents
and oxidant, facilitated by visible-light photocatalysis. Additionally, we improved the scalability and reproducibility of
photocatalytic and liquid—gas phase reactions through a flow system, making them suitable for large-scale synthesis while
minimizing waste and environmental impact.

2. Please can you describe your specific green chemistry achievement, either quantitatively or qualitatively?

This method employed ethanol and water as reaction solvents, with oxygen from the air serving as the oxidant. The green
metrics exhibited notably high values, with AE (61%), AEf (58%), and RME (64%). Under alkene, catalyst, and solvent reuse
conditions, an E-Factor of 9.6 and a PMI of 10.6 were achieved.

3. How could your work be made greener and be elevated by further research?

Through further research, we aim to enhance the sustainability of the reaction conditions by optimizing alkene, catalyst, and
solvent reuse strategies in flow chemistry while also expanding the scope of this methodology to include sulfone synthesis.
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Herein, we report an environmentally friendly, one-pot, scalable method for the synthesis of sulfides and sulfoxides via

photocatalyzed C—C bond-formation and oxidation. Employing mild photoredox conditions, green solvents, and oxygen as

the oxidant, the approach is sustainable and efficient. The integration of a microreactor-based flow system enabled large-

scale production, addressing the typical scalability issues of photocatalytic and liquid—gas phase reactions. Mechanistic

studies confirmed that C—C bond formation occurs via an a-thiomethyl radical through a single-electron transfer (SET)

pathway, while oxidation involves both SET and energy transfer (EnT) mechanisms.

Introduction

Sulfur-containing compounds, including sulfides, sulfoxides,
and sulfones, are found in a wide range of natural products,
bioactive compounds, pharmaceuticals, pesticides, and
functional organic materials.! Generally, sulfides are formed
through alkylation, arylation, and thiol-ene reactions of thiols2
and can be transformed into sulfoxides and sulfones via
oxidation.3 Additionally, sulfoxides and sulfones can be
structurally diversified through sulfoxidation* and
sulfonylation® of their simpler forms.

Over the past two decades, visible-light photocatalytic
reactions have garnered significant attention as
environmentally friendly synthetic approaches.® This includes
various photocatalytic reactions for the synthesis and
functionalization of sulfur-containing compounds. Sulfides have
been synthesized through addition reactions between alkenes
and thiyl radicals’ or a-alkylthiomethyl radicals,® which are
generated during photocatalysis. The oxidative generation of
sulfoxides and sulfones has been investigated similarly to
conventional syntheses.? In particular, in the case of sulfones, a
three-component reaction of alkyl radical precursors, SO,
surrogates, and alkenes under photocatalytic conditions has
been developed to synthesize complex sulfones from simple
starting materials.1% In contrast to sulfides and sulfones, the
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a) Strategies for the photocatalytic synthesis of sulfides, sulfoxides and sulfones
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synthesis of complex sulfoxides from simple starting materials
through bond-forming reactions has rarely been reported
(Scheme 1 a).1* Therefore, the synthesis of sulfoxides via bond-
forming reactions under mild reaction conditions
important challenge in organic synthesis.

We devised a strategy to synthesize complex and diverse
sulfoxide derivatives through functionalization at the a-position
of sulfoxides in milder and greener conditions. Previous studies
have reported approaches utilizing the a-sulfinyl anion as a key
intermediate, wherein the sulfoxide (pK, = 33)4is deprotonated
at the a-position, and then alkylated by reacting with an
electrophile such as an alkyl halide,*> 40 aldehyde,? or alkene.13
However, owing to the lower acidity of the a-proton of
sulfoxides compared with that of ketones and sulfones, strong
bases such as lithium diisopropylamide or n-Buli are required.
The resulting sulfinyl anions are unstable and sensitive to
moisture, making them difficult to handle. In 2013, Walsh and
co-workers reported an arylation at the a-position of the
sulfoxide with aryl halides using a palladium catalyst and
alkoxide base.*c However, this method could not introduce alkyl
groups and required high-temperature conditions (Scheme 1 b).

Our goal was to develop an environmentally friendly and
scalable method for the synthesis of sulfoxides. We considered
a-sulfinyl radicals# as key intermediates, serving as a synthetic
equivalent to a-sulfinyl anions that are less sensitive to
moisture and do not require strong bases. This allows milder
reaction conditions, easier handling, and greater suitability for

is an
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large-scale production. Our research group hag.deyeleped
organosilicon compounds as radical pFédurddrsHtB4gehetate
alkyl radicals via photoredox catalysis.’®> The
introduction of an alkyl silyl group facilitates oxidation through
the B-silicon effect, and the alkyl silyl cation acts as a good
leaving group, facilitating the formation of alkyl radicals.
However, a-trimethylsilyl sulfoxides still have a high oxidation
potential (Eox = +2.0 V vs. SCE), making them unsuitable as a-
sulfinyl radical precursors. To address this challenge, we plan to
use a-trimethylsilyl thioethers, which have a lower oxidation
potential (Eox = +1.0 V vs. SCE) and are more easily oxidized.
These thioethers will act as a-sulfinyl radical surrogates,
enabling the desired sulfoxides to be synthesized through
photocatalyzed, one-pot C—C bond formation and oxidation
(Scheme 1 c).

To achieve these goals, we aimed to use oxygen as an oxidant,
employ green solvents,'® and establish scalable conditions for
large-scale production. However,  when conducting
photocatalytic liquid—gas reactions in a batch system, reactivity
is usually significantly reduced as the scale increases. This
decrease in reactivity can be attributed to the characteristics of
photocatalytic multiphasic reactions, where longer light
penetration results in uneven and low photon concentrations,
and the enlarged headspace between the liquid and gas phases
leads to reduced mass transfer.”
To overcome these limitations, we have integrated
photocatalytic liquid—gas reactions into a flow system, making

various

Table 1. Optimization of the reaction conditions for sulfide 3a and sulfoxide 4a?

10 W blue LEDs

O
. Ir(dF(CF3)ppy)2(dtbpy)IPFe I
.S.__SiMe; N .S CN .S CN ~S.
PMP™ ™" v 7N additive, oxidant (for 4a)b PMP T PMP g PMP Me
1a ) 2a ) solvent, rt, Ar sulfide 3a sulfoxide 4a by-product 1a-I
(1.0 equiv) (x equiv)
entry  catalyst 2a solvent (0.1 M) additive oxidant time yield (%)° by-product (%)°®
(mol%)  (equiv) (equiv) (h) 3a/4a 1a-l

1 1 2.0 MeCN - - 14 36/nd 43

2 1 2.0 EtOAc - - 14 30/nd 52

3 1 2.0 MeOH - - 14 50/nd 35

4 1 2.0 MeOH NaHCO; (1) - 2 75/nd nd

5 1 2.0 EtOH NaHCO; (1) - 3 66/nd nd

6 1 2.0 EtOH/H,0 (5:1)¢ NaHCOj; (1) - 3 85/nd nd

7 1 2.0 EtOH/H,0 (5:1)¢ NaHCOj; (1) air® 3/16 nd/75 nd

8 1 2.0 EtOH/pH9 Buffer (5:1)¢ - 3 95/nd nd

9 0.5 2.0 EtOH/pH9 Buffer (5:1)¢ - 4 92/nd nd

10 0.1 2.0 EtOH/pH9 Buffer (5:1)¢ - 20 86/nd nd

1 0.5 1.5 EtOH/pH9 Buffer (5:1)¢ - 8 58/nd nd

12 0.5 1.2 EtOH/pH9 Buffer (5:1)¢ - 20 30/nd nd

13 05 2.0 EtOH/pH9 Buffer (5:1)¢ air® 4/6 nd/95 nd

14 . 2.0 EtOH/pH9 Buffer (5:1)¢ - 4 nd/nd nd

15f 0.5 2.0 EtOH/pH9 Buffer (5:1)¢ - 4 nd/nd nd

aReaction conditions: 1a (0.2 mmol), 2a (quantity noted), catalyst (quantity noted), and solvent (0.1 M) irradiated with 10 W blue LED (452 nm) at room

temperature under argon in a pressure tube. Plsolated yield determined by flash column chromatography. “NMR yield using styrene as internal standard.
9The solvent ratio is expressed as volume/volume (v/v). ®After 1a was consumed, the reaction tube was left open in air. fIn the absence of light source. nd =

not detected.
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large-scale production feasible. Although the application of
photocatalytic liquid reactions in flow systems is relatively
straightforward, reactions involving gases pose a significant
challenge. Using a microreactor, we can maintain a uniform and
high photon concentration, significantly reduce the headspace
between the liquid and gas phases, and increase gas solubility
through easy pressure control. Ultimately, this enhances
reactivity and reproducibility, enabling large-scale production.

In this paper, we present an environmentally friendly and
scalable method for the synthesis of
photocatalyzed C—C bond formation and oxidation. This method
enables the synthesis of diverse sulfides and sulfoxides through
a controlled one-pot process. By employing mild reaction
conditions, green solvents, and oxygen as an oxidant, we
established a sustainable approach. Furthermore, the
integration of an efficient flow system enabled us to overcome
the scalability limitations inherent in photocatalytic and liquid—
gas phase reactions.

sulfoxides via

Results and discussion

In our initial study, we investigated the Giese addition of
PMPSCH,TMS 1a and acrylonitrile 2a in the C—C bond-forming
reaction (Table 1). PMPSCH,TMS 1a (Eox = +0.98 V vs. SCE in
MeCN) was chosen as a radical precursor owing to its low
oxidation potential, which allows for facile oxidation and the
generation of an a-thioalkyl radical. Based on the oxidation
potential of the substrate and previous research findings,>f we
selected Ir(dF(CF3)ppy)2(dtbpy) (Ir(HI)*/Ir(Il) = +1.21 V vs. SCE)
as the photocatalyst. Fortunately, under blue LED irradiation in
acetonitrile, the iridium catalyst efficiently facilitated the Giese
reaction, resulting in the formation of the sulfide product in 36%
yield (Table 1, entry 1). To develop an environmentally friendly
reaction, we explored various green solvents and found that
methanol provided 50% yield (Table 1, entry 3). However, the
desilylation byproduct PMPSCH3 1a-1 was formed, and the yield
did not further improve. We hypothesized that PMPSCH3 1a-I
was formed via the protonation of the a-thioalkyl radical.
Assuming that a slight increase in the pH of the reaction solution
could prevent protonation, we used mildly basic NaHCOs3;, which
increased the yield to 75% and decreased the reaction time
(Table 1, entry 4). However, when ethanol was used as the
solvent, the yield decreased to 66% owing to the lower solubility
of NaHCOs in ethanol (Table 1, entry 5). To address this issue,
we used a 5:1 mixture of ethanol and water as the cosolvent,
which resolved the solubility problem and increased the yield to
85% (Table 1, entry 6). Next, we examined the one-pot Giese
addition and oxidation reactions by opening the reaction tube
to air after the Giese reaction was complete. Consequently, the
argon atmosphere was replaced with air, and we fortuitously
obtained sulfoxide 3ain 75% yield (Table 1, entry 7). To develop
more practical reaction conditions, we replaced NaHCO3 with a
buffer solution at pH 9 mixed with ethanol in a 5:1 volume ratio,
which increased the yield of 3a to 95% (Table 1, entry 8). By
reducing the catalyst loading from 1 to 0.5 mol% and extending
the reaction time to 4 h, 3a was obtained in excellent yield (92%;
Table 1, entry 9). However, further reducing the catalyst loading

This journal is © The Royal Society of Chemistry 20xx

to 0.1 mol% necessitated a prolonged reaction timg,of.20hte
achieve a yield of 86% (Table 1, entry J0).1CERSIdHEBoth
efficiency and cost, we opted for a catalyst loading of 0.5 mol%
as the optimal condition. As reducing the amount of
acrylonitrile 2a significantly lowered the yield, we used 2.0
equiv 2a. Under the optimized conditions for sulfide (Table 1,
entry 9), followed by the introduction of an air atmosphere for
an additional 6 h, an excellent yield of 95% was achieved for
sulfoxide 4a (Table 1, entry 13). Finally, we confirmed that the
reaction did not proceed in the absence of light or a
photocatalyst, demonstrating that both were essential to the
reaction (Table 1, entries 14 and 15). Through this optimization,
we successfully developed a green solvent- and oxidant-based
method for synthesizing sulfides and sulfoxides via one-pot C—C
bond formation and oxidation.

The substrate scope of a-silyl sulfides 1 was evaluated under
the optimized reaction conditions (Table 2). Electron-rich
methoxy-substituted aryl groups in a-silyl sulfides 1a—c
exhibited good reactivity regardless of the substitution position
(ortho, meta, or para), yielding sulfide products 3a—-c in
excellent yields. However, in the one-pot sulfoxide synthesis,
the meta-methoxy aryl substrate 1b afforded lower sulfoxide
yields than the ortho- and para-methoxy aryl substrates 1a and
c. These results indicate that sulfides 3 formed via the Giese
addition are more difficult to oxidize than the a-silyl sulfides 1,
making they more sensitive to the electronic properties of the
substituents. o-Silyl sulfides containing halogens in the aryl
group also reacted efficiently, yielding sulfides 3d—f and
sulfoxides 4d—f in good vyields. However, the fluorine-
substituted derivative 1d produced a slightly lower sulfoxide 4d
yield than sulfide 3d vyield. Phenyl- and tolyl-substituted

Table 2. Substrate scope of various a-silylthioethers 12

10 W blue LEDs
. Ir(dF(CF3)ppy)a(dtbpy)IPFg (0.5 mol%) i
-5~ SiMe; s ST ° ’ g S ON
Ar atmosphere, 4 h (for 3)
1 . 2a X then air atmosphere, 6 h (for 4) 3 (sulfide)

(1.0 equiv) (2.0 equiv) EtOH:pH 9 buffer = 5:1 (0.1 M), rt 4 (sulfoxide)
It W MeO -
S _~_OCN MeO S _~_OCN S _~_CN

3a92%
4a 95%

Q
/©/SV,/\/CN
F

3d 95%
4d 76%

3b 95%
4b 74%

Q
/©/sv,/\/cw
Br

3e 88%
4e 86%

3¢ 94%
4c 92%

Q
/©/sv\/cr\1
cl

3f 75%
4 71%

Q Q Q

o~
Me

39 90%
49 80%

S _~_CN RS ON

3i (R= Ph) 52%P, 4i (R= Ph) nd
3] (R= CyoHz1) 60%°, 4j(R= C1oHa1) 56%¢

3h 85%
4h 88%

aReaction conditions as given in Table 1, entry 9 for sulfide 3, entry 13
for sulfoxide 4; reported yields are for isolated material; *1 mol%
catalyst and MeOH (1 M), 16 h, 2 mol% catalyst and MeOH (0.1 M), 32
h, 916 h, See ESI for details.
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substrates 1g,h were similarly well tolerated, affording high
yields of the corresponding sulfides 3g,h and sulfoxides 4g,h.
However, sterically hindered substrates such as mesityl- and 1-
naphthyl-substituted a-trimethylsilyl thioethers exhibited low
yields or no reaction under the same conditions (see details in
the ESI). By contrast, the alkyl-substituted substrate 1i exhibited
decreased reactivity. Although it produced the corresponding
sulfide 3i in moderate yields, it failed to yield the desired
sulfoxide, suggesting that the oxidation step is more challenging
for alkyl-substituted substrates than aryl-substituted substrates
owing to the electronic properties of the former. For another
alkyl-substituted substrate 1j, the corresponding sulfide 3j and
sulfoxide 4j were obtained in moderate yields by extending the
reaction time and increasing the catalyst loading.

Next, the substrate scope of the Michael acceptors 2 was
evaluated under the optimized reaction conditions (Table 3).
Various a,B-unsaturated esters, such as methyl, ethyl, n-butyl
acrylate, and hexafluoroisopropyl, demonstrated good
reactivity, and both corresponding sulfide products 3k—n and
sulfoxide products 4k—n were obtained in good yields.
Additionally, methyl methacrylate, when substituted at the a-
position of the a,B-unsaturated ester, barely affected the

reactivity, yielding results similar to the unsubstituted substrate.

Afterwards, we used the developed method to investigate the
effect of B-substitution in Michael acceptors. Crotonitrile 2p, a

Table 3. Substrate scope of various Michael acceptors 22

10 W blue LEDs

Green Chemistry

B-methyl acrylonitrile, exhibited low reactivity,,ang..xislds,
following a similar trend to Giese Dréa&i6A8/DAGEREGER,
benzalmalononitrile 2q, a highly activated Michael acceptor
containing a dinitrile, produced sulfide 3q and sulfoxide 4q in
excellent yields using 1 mol% catalyst and methanol as the
solvent, despite the B-phenyl substituent. In this reaction, 2-
and 4-vinyl pyridines acted as effective Michael acceptors,
producing the corresponding sulfides 3r and 3s in high yields.
However, oxidation of the resulting sulfides was inhibited by
pyridine, with 2-vinyl pyridine producing only trace amounts of
sulfoxide and 4-vinyl pyridine, resulting in a reduced yield. Lastly,
a,B-unsaturated ketones also served as effective Michael
acceptors in the developed reaction. In particular, cyclic enones
such as cyclohexenone 2u and cyclopentenone 2v, despite
having substituents at the PB-position, did not exhibit the
reactivity drop observed with crotonitrile 2p owing to their Z-
alkene configuration, which allowed for the formation of both
sulfides and sulfoxides in excellent yields. However, vinyl phenyl
sulfone, dimethyl maleate, maleonitrile, and N-
cyclohexylmaleimide failed to yield the desired products (see
details in the ESI).

Performing photocatalytic multiphasic reactions in a batch
system, particularly during a scaled-up process, can present
significant challenges. For photochemical reactions, as the size

R? R’ o R
. ) Ir(dF(CF3)ppy)2(dtbpy)]PFg (0.5 mol%) ! I !
.S._SiMes .S EWG .S EWG
PMP /\EWG Ar atmosphere, 4 h (for 3) PMP \/\; PMP L
1 R 2 then air atmosphere, 6 h (for 4) 3 R 4 R
a . -5
(1.0 equiv) (2.0 equiv) EOH:pH 9 buffer = 5:1 (0.1 M), (sulfide) (sulfoxide)
O 0 o O CF, y
S _~_-CO2R S._~_-CO0;"Bu SM )\ S CO,Me
M
MeO MeO MeO MeO ©
3k (R= Me) 72%, 4k (R= Me) 82% 3m 81% 3n 70% 3077%
31 (R= Et) 64%, 4l (R= Et) 55% 4m 59% 4n 69% 40 73%
s
O Me O Ph o N7 ‘ o ZON
: s _k_on : ,S\/K(CN : 8 x : 8 ~
MeO MeO CN MeO MeO
3p 55% 3q 95%° 3r87% 35 92%
4p 45% 4q 81%° 4r trace 4s 60%

e
MeO MeO

3u 82%
4u 85%

3t 85%
4t 85%

3v 82%
4v 78%

2Reaction conditions as given in Table 1, entry 9 for sulfide 3 and entry 13 for sulfoxide 4; reported yields are for isolated material. °1 mol% catalyst

and MeOH (0.1 M) solvent, 16 h. See ESI for details.
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Table 4. Optimization of the reaction conditions for sulfoxide 4a
in flow process?

PMP/S\/SiMea +  2a
1a (2.0 equiv)

Ir(dF(CF3)ppy)2(dtbpy)PFg
(0.5 mol%)
EtOH : pH 9.00 buffer=5: 1
(0.05 M)

25 °C, 0.125 mL/min, 40 + 15 min, 450 nm

entry set gas flow BPR® system pressure yield (%)
(mL/min) (bar) (bar) 3al4a®
1 7.0 2.8 3.6 35/44
2 5.0 2.8 3.3 14/75

O S 30 o ...28 o) backflow into gas line ____

4 2.0 1.4 21 2/87

5 1.7 1.4 21 -190 (88)¢
6 1.3 1.4 1.5 7/83

2Reaction conditions: 1a (0.2 mmol), 2a (2.0 equiv) catalyst (0.5 mol%),
solvent (0.05 M), flow rate (0.125 mL/min), and temperature (25 °C).
bPressure setting of the backpressure regulator components. Yield
determined by H NMR analysis of the crude mixture using 1,3-
benzodioxole as the internal standard. 9Isolated yield determined using
flash column chromatography.

of the batch reactor increases, a longer distance between the
light source and reaction solution can lead to uneven irradiation,
resulting in insufficient photon concentration. In the case of
multiphase reactions on a larger scale, the interfacial area per
unit volume can decrease, reducing mass transfer between the
liquid and gas phases. To address these challenges, we
introduced a flow system. This system, which utilizes
microreactors for mass production, maintains a short distance
between the light source and reactants to maintain a uniform
and high photon concentration. Furthermore, by using a back-
pressure regulator for easy pressure control, the liquid and gas
are continuously mixed at a consistent ratio while maintaining
a low headspace and high solubility of the oxygen gas.

Initially, the reaction conditions for the synthesis of sulfide 3a
in the flow process were optimized based on the conditions of
the batch reaction. Through optimization, the concentration of
the reaction solution was adjusted to 0.05 M to reduce viscosity.
Finally, sulfide 3a was synthesized with a residence time of 40
min and 92% yield (Table S1, entry 6; see ESI for details). After
determining the optimal conditions for synthesizing sulfide 3a
through photochemical reactions in the flow system, we
determined the optimal conditions for the synthesis of sulfoxide
4a by performing additional photoinduced multiphase reactions
under continuous flow using oxygen gas as the oxidant. Various
oxygen gas flow rates (7.0, 5.0, and 3.0 mL/min) were
investigated (Table 4, entries 1-3) using a backpressure
regulator set at 2.8 bar. As a result, 4a was obtained in 75% NMR
yield at a gas flow rate of 5.0 mL/min (Table 4, entry 2). However,
at a relatively low flow rate of 3.0 mL/min, the reaction solution
backflowed into the gas line, disrupting the reaction progress
(Table 4, entry 3). To prevent such backflow while achieving
more precise control of the oxygen gas flow rate, the back
pressure was reduced from 2.8 bar to 1.4 bar. After conducting

This journal is © The Royal Society of Chemistry 20xx
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1

R? 5mL 5mL R
: . RSN EWG
R/S\/S'Mea + /\EWG R?
R' )
1 2 3 (suflide)
R
1l I
Ir(dF(CF3)ppy)z(dtbpy)PFe s EWG
(0.5 mol%) . ) R W
EtOH : pH 9.00 buffer = 5 : 1 25°C, 0.125 mL/min, R2
(0.05 M) 40 (for 3) + 15 (for 4) (min), 450 nm 4 (sulfoxide)
o-thioethers
Q o Q
[j/é\/\/CN [j/§WCN (j/é\/\/CN
MeO F
3a (96 %) 3d (89%)° 3g (88%)°
4a (88 %) 4d (75%)° 49 (82%)°
— N - I
o 9 0 N
: S _~_CO;Me : §._~_CO,"Bu : S o
MeO MeO MeO
3K (80%) 3m (84%) 3s (96%)¢
4k (69%) 4m (65%) 4s (64%)°

aUnless otherwise noted, reactions were carried out using the
conditions given in Table 4, entry 5; all yields are isolated yields
determined using flash column chromatography. 0.1 M, 80 + 15 min,
€0.1 M, 80 + 15 min, 1.3 mL/min, 0.1 M, 50 min, ¢0.1 M, 50 + 15 min,

and 1.0 mL/min.

experiments at various oxygen flow rates (Table 4, entries 4-6),
the desired sulfoxide 4a was obtained in 88% isolated yield at
an oxygen flow rate of 1.7 mL/min.

To evaluate the effectiveness of this continuous flow system,
experiments were conducted using selected samples from
Tables 2 and 3 for the reactions listed in Table 5. Remarkably,
all the substrates exhibited shorter residence times under
continuous flow than in batch reactions, while maintaining
similar yields. To assess the scalability of the flow system, we
performed 5 mmol reactions for the synthesis of sulfide 3a and

Scheme 2. Gram-scale reaction in flow process

5mL
1a (5.0 mmol s CcN
( + ) @ @ PMP~ ST
2a (2.0 equiv)
- 3a
) ) 0.934 g (91%)
[Ir] (0.5 mol%) 25 °C, 0.125 mL/min, 40 min, 450 nm 0.339 "
solvents (0.05 M) E mmo
5mL 5mL o
1a (5.0 mmol) 1
+ (my o~ S~ CN
2a (2.0 equiv) - BPR
- (1.4 bar)
[Ir] (0.5 mol%) y 4a
I .0 Mol
solvents (0.05 M) 0.912 g (82%)
0.307 mmol™

25°C, 0.125 mL/min, 40 + 15 min, 450 nm

[Ir] = Ir(dF(CF3)ppy),(dtbpy)PFg, solvents =EtOH : pH 9.00 buffer =5 : 1
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Scheme 3. Controlled experiments and proposed mechanism

a) radical trapping experiments

1a

(1.0 equiv) tandard gition?

Stanaard condition /S CN

) TEMPO (2.0 equiv) PMP™~
2a .0 equiv|

(2.0 equiv) 3and

b) isotope labeling experiment

1a 10 W blue LEDs D H

(1:0equiv)  r(dF(CF3)ppy)o(dibpy)IPFe .S _X_CN
. PMP
22 NaHCO;, CD;0D (0.1 M) 320

(2.0 equiv) Ar 4 h 100% D incorporated

c) oxidation potential of sulfides

Journal Name

View Article Online
DOI: 10.1039/D4GC05769D
d) controlled experiments for oxygen mediated oxidation

10 W blue LEDs
In(dF(CF3)ppy)2(dtbpy)IPFe

1l
3a pMP/S\/\/CN
scavanger (2.0 equiv)
EtOH:pH 9 buffer = 5:1 (0.1 M) 4a
air, rt, 6 h

entry scavanger 'Zmﬁ: yield (%)

1 - - 95

2 1,4-dimethoxybenzene RgSl+ 45

3 Benzoquinone 03 nd

4 DABCO 0, nd

5 NaNg 0, 26

e) study of the source of a-thioalkyl radical

.S SiM PN .S CN
pMp >SS PMP” Me PMP™ o> S
PMP” " Me standard condition? s CN
1a 1a-l 3a . PMP o
1a-l 2a (2.0 equiv)
Eox= +0.976 V +1.064 V +1.128 V (1.0 equiv) 3and
(vs. SCE in MeCN)
f) proposed mechanism
path A .
SET S CN
P N P
. PMP S _~_C - MP~ SN .
-S._SiMe; Ir(in)* B 3a 3a’ 0, 3a
PMP ?/ i) Ir(lt)
a -— -—
Ir(l1) l o) [©) 3a
reductive solvents z : SET
quenching 9 *
(i) ——— Ir(llly
. cycle S CN
_S._SiMe;|™" PMP” o
[ pup- S~ SiMes PP SN 4a EnT
" =
1a Ir(in) i T
l - *SiMes : 0 2,
th B: EnT (')/
.S S CN pa -En
PMP AN — > PMP~ 3a S _~_CN
8 N S 0, PP Ir(1) = Ir(dF (CF5)ppy)a(ctopy)IPFs
| 2a ] v

aStandard conditions: 1a (0.2 mmol), 2a (2.0 equiv), Ir(dF(CF3)ppy)2(dtbpy)PFs (0.5 mol%), EtOH: pH = 9 buffer (5:1, 0.1 M), Ar, room temperature,

4 h. See ESI for details.

sulfoxide 4a, as outlined in Table 6. The yields achieved for both
3a and 4a in the 5 mmol scale reactions were comparable to
those obtained in the 0.2 mmol scale reactions. Furthermore,
the productivity for each compound was measured to be 0.339
mmoland 0.307 mmol™, respectively (asillustrated in Scheme
2).

We propose a reaction mechanism based on controlled
experiments and previous studies8? 8b, 9a, 9¢c, 9d, 11a (Scheme 3).
The excited-state iridium photocatalyst can oxidize 1a via
single-electron transfer (SET) to form the cationic radical 1a°*,
which then undergoes desilylation to produce the a-thiomethyl
radical 1. This step was validated by luminescence quenching
and TEMPO-mediated radical trapping experiments (see details
in the ESI, Scheme 3a). Furthermore, we measured the
oxidation potential of 1a, which was found to be +0.98 V vs. SCE
in MeCN, indicating that it can be oxidized by the excited-state
Ir(dF(CF3)ppy)2(dtbpy) photocatalyst (Ir(l11)*/Ir(ll) = +1.21 V vs.
SCE). The generated a-thiomethyl radical | adds to acrylonitrile

6 | J. Name., 2012, 00, 1-3

2a, forming the radical intermediate Il, which is then reduced
by the Ir(ll) photocatalyst (Ir(lll)/Ir(ll) = —=1.37 V vs. SCE) to
produce the anionic intermediate Illl. Subsequently, this
intermediate is protonated by the solvent to yield the sulfide
product 3a. The protonation process was confirmed using
methanol-D as the solvent; 100% of the deuterium was
incorporated, indicating that the proton originated from the
solvent (Scheme 3b). We additionally measured the quantum
yields for sulfide synthesis step in both batch and flow reactions.
In both cases, the quantum yields were greater than 1, with the
batch reaction (® = 3) and the flow reaction (® > 7). While the
chain propagation pathway within the mechanism remains
unclear, its involvement cannot be definitively excluded(see
details in the ESI). The oxidation of sulfide 3a to sulfoxide 4a
can occur under photocatalytic conditions in the presence of
oxygen. In this process, oxygen can facilitate oxidation either
through the generation of a superoxide anion via SET, or
through the formation of singlet oxygen via energy transfer

This journal is © The Royal Society of Chemistry 20xx
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Scheme 4. Reusability and recovery of reaction components

a) alkene, catalyst, and solvent re-use experiments

1a (0.2 mmol)
4h 2a (0.2 mmol)

———> 3a(crude)| —— >

4h

3a (crude)

1a (0.2 mmol)
2a (0.4 mmol)

n=13a(84%) air
n=3%3a(79%) — 4a (82%)

0,
[Ir] (0.5 mol%), Ar n = 5° 3a (89%)

solvents (0.1 M), rt
b) alkene recovery experiments

10 W blue LEDs 9 pn
[I7] (1.0 mol%)

1a (1.0 equiv)
+

Ar atmosphere, 16 h (for 3)
then air atmosphere, 16 h (for 4)
MeOH (0.1 M), rt

2q (2.0 equiv)

39 95% (2q recovered: 0.91 equiv)
4q 81% (2q recovered: 0.81 equiv)

aAfter n=1, 0.5 mol% of [Ir] added.
bAfter n=1 and n=3, 0.5 mol% of [Ir] was added each time. [Ir] =
Ir(dF(CF3)ppy)2(dtbpy)PFs (0.5 mol%), solvents = EtOH: pH = 9 buffer
(5:1). See ESI for details.

was

(EnT). The possible oxidation pathways were validated through
controlled experiments (Scheme 3d). In the SET pathway, the
oxidation of sulfide 3a and the generation of superoxide are
essential. This process is feasible based on the redox potentials
of the photocatalyst, sulfide (3a, Eox = +1.13 V vs. SCE in MeCN),
and oxygen. The use of a sulfide oxidation inhibitor, 1,4-
and a
benzoquinonels, resulted in significant suppression or complete
cessation of the oxidation process (Scheme 3d, entries 2,3).
These results indicate that the SET pathway is a suitable route
for oxidation. Generation of singlet oxygen is essential for the
EnT pathway. Ir(dF(CF3)ppy)2(dtbpy) is a well-known, effective
EnT photocatalyst for converting triplet oxygen into singlet

dimethoxybenzene®s, superoxide quencher,

oxygen.!® We conducted controlled experiments to quench the
generated singlet oxygen using DABCO2° and NaNs!tt, which
resulted in significant suppression or complete cessation of the
oxidation process (Scheme 3d, entries 4,5). Based on these
results, we propose that sulfide oxidation proceeds via both SET
and EnT pathways. Lastly, the potential byproduct PMPSCH3 1a-
I did not form any sulfide 3a product under the standard
reaction conditions (Scheme 3e). This confirms that the key
intermediate, a-thiomethyl radical I, is generated from 1a
rather than 1a-1 in the Giese addition reaction.

To enhance the efficiency of the developed reaction, we
conducted experiments on the reuse and recovery of reactants,
solvents, and catalysts (Scheme 4). To evaluate the reusability,
a reaction system was designed as shown in Scheme 4a. After
one reaction cycle, 1 equivalent each of 1a and 2a was added,
yielding 3a with a slightly reduced yield of 84% compared to the
original reaction (n=1). An additional 0.5 mol% of catalyst was
introduced after every two reaction cycles, resulting in a yield
of 79% after four cycles (n=3) and 89% after six cycles (n=5).

This journal is © The Royal Society of Chemistry 20xx

Table 6. Calculations of green chemistry metrics View Article Online
DOI: 10.1039/D4GC05769D

Work of

different groups  AE (%) AEf(%) RME (%) E-Factor PMI  Ref.
Our work 61.15 58.10 63.80 31.59 32.29 -
Our work
(re-use conditon) 1028 6255  62.54 9.60  10.60 -
Walsh group 35.21 33.45 27.08 23.78 24.78 4c
Jiang group 12.18 10.00 9.98 18.84 19.90 11a

Furthermore, after four cycles (n=3), oxidation under aerobic
conditions yielded sulfoxide 4a in a high yield of 82%. Next,
alkene recovery experiments conducted.
Benzylidenemalononitrile (BMN, 2q) was recovered in high
yields after the synthesis of sulfides and sulfoxides (Scheme 4b).
These experiments established an efficient process for the
reuse of reagents and solvent, thereby validating the
sustainability of the developed reaction system.

To evaluate the green chemistry aspects of the developed
reaction, we calculated key green chemistry metrics metrics,
including Atom Economy (AE), Atom Efficiency (AEf), Reaction
Mass Efficiency (RME), E-Factor, and Process Mass Intensity
(PMI) (Table 6).21 The metrics showed notably high values, with
AE (61%), AEf (58%), and RME (64%), compared to previously
reported methods.*<112 However, due to the use of 0.1 M
solvent concentration, the solvent-inclusive metrics, E-Factor
(31.6) and PMI (32.3), were slightly higher than those in prior
studies. By employing the developed alkene, catalyst, and
solvent re-use strategy, we significantly improved the metrics,
achieving an E-Factor of 9.6 and a PMI of 10.6. (see details in the
ESI).

were

Conclusions

In summary, we have developed an environmentally friendly
and scalable synthetic method for both sulfides and sulfoxides
through photocatalyzed, controllable one-pot C-C bond
formation and oxidation. The optimized reaction conditions,
utilizing mild photoredox conditions, green solvents, and
oxygen as the oxidant, provided a sustainable approach to C—C
bond formation and oxidation. Moreover, the integration of a
enables the scalable
application of photocatalytic and liquid—gas phase reactions.
Mechanistic studies revealed that C—C bond formation
proceeds via an a-thiomethyl radical generated through a SET
pathway, while the oxidation step involves both SET and EnT
mechanisms. This methodology, with its use of green solvents
and minimal catalyst loading, offers a promising solution for
sustainable, large-scale sulfide and sulfoxide production, and
has significant potential for broader applications in synthetic
organic chemistry.

microreactor-based flow system
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