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Abstract

Presented is a light-promoted C—C bond forming reaction yielding sulfone and phosphate
derivatives at room temperature in the absence of metals or photoredox catalyst. This
transformation proceeds in neat conditions through an auto-oxidation mechanism which is
maintained through the leaching of trace amounts of O, as sole green oxidant.

Introduction

Sulfone and phosphate moieties are of great interest in medicinal and biological chemistry.!
Sulfone derivatives have attracted widespread attention since many exhibit biological
activity and are found in pharmaceutical compounds.a Similarly, many alkyl phosphate
derivatives such as fosfomycin have been used as antibacterial compounds (Scheme 1A).1i-0

Cyclic ethers are another molecular moiety of interest in medicinal chemistry. In particular,
the tetrahydrofuran (THF) motif is a valuable building blocks ubiquitous in natural
products, bioactive molecules, and pharmaceuticals.? Thus selective C—H functionalization
of ethers at their a-position has attracted considerable interest.3 Recently, many selective
C—C bond forming transformations have been developed.#> However, these methodologies
always require high temperature, transition metal catalysts, or a stoichiometric amount of
peroxides (Scheme 1B).* Photoredox-catalyzed C—H functionalization of ethers has also
been developed to enable selective C—C bond formations, but these photocatalysts can be
costly and also contain transition-metals (Scheme 1C).°

Despite all these available technologies, the need for greener and more environmentally
friendly approaches to C—H functionalization has been identified as one of the top three
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research areas that still require advancement by the ACS.8 Therefore, there is a dearth
of simple and metal-free methodologies that use green and abundant reagents for C-H
activation.

Atmospheric oxygen (O,) is an abundant and sustainable oxidant that has the potential

to selectively activate C—H bonds. It has been recognized as an ideal oxidant for many
oxidative transformations and has been used for the industrial production of commodity
chemicals.” Auto-oxidation has attracted considerable attention in recent years, since it does
not require any additional reagents or catalysts. Molecular oxygen can directly interact

with certain C—H bonds to generate carbon radicals without any additional initiator species
or additives, which allows for C—H functionalization through reaction of transient radical
species.8

Our interest in radical-base C—H functionalization of ethers®™ and photo-induced
processes,? recently led us to the development of a regioselective amination of ethers using
N-haloimides and LiOBu.% Herein, we report the first metal-free selective photochemical
C-C bond forming reaction between 5-membered cyclic ethers and vinyl sulfones and vinyl
phosphates in which trace amounts of oxygen (O,) act as sole oxidant under blue light
(Scheme 1D). This method proceeds using neat conditions in the absence of any additives,
making it the mildest and most environmentally benign C—C bond forming reaction for these
substrates.

Results and discussion

Our initial studies aimed at the selective C—H a-functionalization of THF with the
commercially available phenyl vinyl sulfone 1a as model substrates to optimize the
reaction (Table 1). Firstly, we investigated the influence of Eosin Y, a known metal-free
photocatalyst, in presence of potassium carbonate as base in DCM under blue LED light
irradiation (entry 1). To our delight, the desired product 3a was obtained in 76%.

However, control experiments quickly revealed that a photocatalyst and a base were not
required for this transformation to proceed. Indeed, in the absence of either the photocatalyst
(entry 2), the base (entry 3), or both (entry 4) the desired product was formed in 40%, 50%,
and 72% yields, respectively. Blue light irradiation remained essential for the generation of
the desired product even in the absence of a photocatalyst and base (entry 5). It is important
to note that an open-to-air reaction had a detrimental effect in yield, generating the desired
product 3ain only 40% (entry 6). We presume that high concentrations of atmospheric
oxygen (O,) leads to the quenching of the generated C-centered THF radicals and favours
the formation of oxidized products,®19 in lieu of promoting a radical chain reaction with
the vinyl sulfone. Finally, the solvent has a significant effect on this transformation; while
dichloromethane (CH,Cl>,) greatly promoted this process, other solvents, such as toluene,
acetonitrile, and acetone, were not effective, and all the starting material 1a remained
unreacted (entries 7-9). Performing the reaction in neat THF (1 mL) without the use of any
additives provided the best overall conditions with 95% NMR vyield of the desired product,
further reducing the environmental footprint of the reaction (entry 10). To assess the effects
of O in the reaction (entry 11), we attempted the reaction using an oxygen balloon; no
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product was detected under those conditions, which confirms that excess oxygen leads to
undesired side oxidations of the ether moiety and leaves the starting vinyl sulfone unreacted.
Under an open atmosphere (18% oxygen) the reaction afforded the desired product in 80%
yield (entry 12). Using a nitrogen atmosphere containing 1% O (entry 13) gave product 3a
in 84% yield, while using a positive pressure of argon in the system (entry 14) generated

the desire product in 86% yield. These results indicate that trace amounts of oxygen (<1%)
and peroxides (2-5 ppm) in the system are sufficient to initiate and maintain the reaction.
Finally, using freshly distilled THF (containing <0.5 ppm peroxide, see ESI S21 and S22t)
under identical conditions only gave product 3a in 35% yield (entry 15).

Having established the optimized reaction conditions, we started exploring the substrate
scope with different vinyl sulfones, while using THF as solvent and ether source (Scheme
2). para-Substituted phenyl vinyl sulfones with electron-donating (Me, OMe, Bu) afforded
the desired products in good to excellent yields (3a—d, 67-95%). Electron-withdrawing
groups in the para-position (F, Br, Cl and CF3) were also well tolerated with yields

ranging from 68-80%. However, 4-nitrophenyl vinyl sulfone was the exception and did

not afford desired product 3h. Furthermore, ortho-substitution afforded products 3k and

3l in 56% and 75% yield, respectively. We were delighted to see that high-sterically
hindered 2,4,6-trimethylphenyl vinyl sulfone reacted smoothly to afford the desired product
3m with 56% yield. The A-(4-(vinylsulfonyl) phenyl)acetamide was well tolerated in this
reaction affording product 3n in good yield (70%). Furthermore, the shift to alkyl vinyl
sulfones gave products 3o and 3p in excellent yields (84% and 89%). Similarly, divinyl
sulfones react to generate monofunctionalized product 3q in 68% yield; di-functionalized
product was not observed under these reaction conditions. Of particular interest to medicinal
chemists, sulfonamides and sulfonate esters were well tolerated and afforded products 3r—x
in moderate to good yields (45-82%). Gratifyingly, this reaction is compatible with tertiary
sulfonamides such as N, N-dimethyl, N, A-diisopropyl and 4-methylpiperidine (3r, 3s, and
3t). Various substituted vinyl sulfonate esters afforded the corresponding products in good
yields (3u, 3v, 3w, and 3x). It is important to highlight that the reaction conditions appear
to be mild enough to tolerate good leaving groups such as phenol (3u, 78%) that could be
easily hydrolysed, and highly oxygenated sugar substrates (3x, 71%) that could participate
in the radical process. The vinyl sulfonamides and sulfonates can be conveniently obtained
from commercially available 2-chloroethanesulfonyl chloride and the corresponding amine
or alcohol in the presence of Et3N (see ESIT).

We continued to explore the reaction performance using different ethers (Scheme 3).

We were pleased to find that, along with THF, other 5-member-ring ether derivatives
such as 2 methyl-THF, 1,3-dioxolane, 2-methyl-1,3-dioxolane, and tetrahydrothiophene
are all suitable for this protocol, obtaining the corresponding product 4a—f in good to
excellent yields. 2-Methyl-THF generated a single regioisomer of product 4a and 4e at
the least sterically hindered a-position, which mimics previous observations for radical
C—-H activation of ethers. On the other hand, 1,3-dioxolane generated an inseparable
mixture of regioisomer for products 4b and 4f in a (5 : 1) and (10 : 1) distributions,
respectively. Interestingly, 2-methyl-1,3-dioxolane, which has a tertiary acetylic position,
afforded desired product 4c (44%) and hydrolyzed product 4c” (22%). Unfortunately, six
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membered cyclic ethers, such as tetrahydropyran and 1,4-dioxane, as well as acyclic ethers,
such as 1,2-diethyl ether and methyl fer-butyl ether do not fit in this reaction system.
Possible explanations are a decrease in the hydrogen atom abstraction rate due to ring size
and stereoelectronic factors influence, and ring size bond dissociation energy.8a11

Further exploration of the substrate scope for this C—H activation coupling revealed that
this methodology could also be extended to other Michael acceptors and electron-deficient
heteroarenes (Scheme 4). Under standard reaction conditions, quinoxaline was coupled to
THF to give product 5a in low yield (35%). Diethyl azodicarboxylate (DEAD) was also
successfully coupled with in good yield (5b, 58%). Then, we switched our attention to
vinyl phosphonate esters. We were pleased to observe that THF and 2-methyl-1,3-dioxolane
afforded products 5¢ and 5d in 62% yield. Interestingly, product 5d was isolated as a single
regioisomer distinct from when using vinyl sulfone. Similarly, 2-methyl-THF was coupled
to give an inseparable mixture of regioisomer (5€) in a (1 : 2) ratio between both a-positions
in good yield (61%). Finally, 1,3-dioxolane also reacted with vinyl phosphate ester to give
mixture 5f in good yield (68%).

To gain insight into the reaction mechanism, a series of control experiments were
investigated. As expected, when the radical scavengers were added to the reaction mixture,
the transformation was halted (Scheme 5A). The use of 2,2,6,6-tetramethyl-piperidinyloxyl
(TEMPOQ) afforded only trace amounts of the desired product and THF radical was

trapped and observed via GC-MS as a TEMPO adduct (see ESI, S24t). The use of
2,6-di-fert-butyl-4-methylphenol (BHT) also completely quenched the reaction. Finally, 1,1-
diphenylethylene also afforded the THF radical adduct and the desired product 3a was not
detected. These experiments indicate that a radical process is most likely involved in this
transformation. Given the possibility of radical chain processes, we performed light on/off
experiments (see ESI, S23t) to evaluate whether product was being formed in the absence of
light once the radical process was initiated. Indeed we observed 4-5% product formation in
the dark, suggesting a short-lived radical chain process.

Additional control experiments (Scheme 5B) were performed in the dark, using heat, and by
adding triphenylphosphine (PPh3) in the reaction mixtures. When the reaction was carried
in the dark or at 60 °C, the desired product 3a was not observed. Initially, we believed

that the vinyl sulfone may be absorbing visible light and serving as a sensitizer to excite
triplet oxygen (30,) into reactive singlet oxygen (10,). However, our UV-Vis spectroscopic
measurements did not show absorption by the vinyl sulfone within the light spectrum used
in the reaction, thereby ruling out the triplet state hypothesis (ESI S211). Then, we turned
our attention to the possibility of peroxy-radical formation using the peroxide test strips
(see ESI, S217). The results demonstrate that blue light irradiation significantly increases
the generation of ethereal radicals over the reaction time. To verify this, PPhs was added

to the reaction mixture, as it is known to react with peroxides to form triphenylphosphine
oxide (OPPh3). Under normal reaction conditions 8% OPPh3 formation was observed after
24 h, which suggests that small amounts of peroxides are generated throughout the reaction
through the leaching of O, in the reaction. Indeed, while the reactions are set up under
argon, they are not maintained under a positive pressure of argon. We performed a series

of experiments to measure oxygen leaching over the course of the reaction (see ESI, S221)
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and we determined that 0.004 mmol of O, leach every 12 h. Finally, we measured peroxides
in the THF used for the reaction prior to light irradiation. Bottled THF used contains 2-5
ppm peroxides, while freshly distilled THF contained <0.5 ppm (see ESI, S22t). These trace
amounts of ethereal peroxides are responsible for the initiation of the reaction.

Based on literature reports®d-12 and our experimental results, we proposed a possible
reaction mechanism as shown in Scheme 6. First, trace amounts of ether peroxides A
homolytically cleave in presence of blue light to generate reactive oxygen species in the
initiation step. These hydroxyl radicals then react with THF to generate carbon-centered
radical B. Radical intermediate B then reacts with vinyl sulfone 1ato form species C.
Through a radical chain process, species C can further abstract a H-atom from THF to form
the desired product 3a and regenerate ethereal radical B.

As shown in the table of optimization, excess oxygen negatively impacted the yield of

this reaction (Table 1, entries 6 and 11). This is most likely due to intermediate B

reacting with O, to generate peroxyethers and oxidized species®®:10 instead of reacting with
Michael acceptors. However, trace O, from leaching at a rate of 0.004 mmol every 12 h is
probably responsible for continued generation of trace peroxide that maintains the process
going. Finally, reaction initiation due to peroxides was demonstrated through a series of
experiments (see Table 1, entry 15 and ESI, S67), which show that amounts as low as 2-5
ppm of peroxides are able to initiate the reaction.

Conclusions

In conclusion, we have developed an environmentally benign and efficient selective
photochemical C—C bond forming reaction between cyclic ethers and vinyl sulfones
utilizing trace amounts of aerobic oxygen as sole green oxidant under blue light at room
temperature. Broad scopes of vinyl sulfone are compatible with cyclic ethers and provided
desired products in good to excellent yields. This method is also applicable to vinyl
phosphonate esters and other Michael acceptors. Visible blue light was utilized to promote
the reaction without transition-metals or photocatalysts. Further studies on the detailed
reaction mechanism and applications are currently ongoing in our laboratories.
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Refer to Web version on PubMed Central for supplementary material.
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THF 1 mL, vinylsulfone 0.2 mmol, 440 nm blue light, 24 hours; yields refer to isolated
products. 4 THF 1 mL, vinylsulfone 0.2 mmol, 390 nm purple light, 24 hours.
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Scheme 3.
Substrate scope for different ether derivatives. Standard reaction conditions: ethers 1 mL,

vinylsulfone 0.2 mmol, 440 nm blue light, 24 hours. 2 Ethers 1 mL, vinylsulfone 0.2 mmol,
390 nm purple light, 24 hours. All yields are from isolated products.
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Scheme 4.

Substrates scope for different Michael acceptors. Reaction conditions: ethers 1 mL, Michael
acceptor 0.2 mmol, under 390 nm purple light, 24 hours. All yields are from isolated
products.
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A. Radlcal trapping experiments
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3a trace
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©/ W Q argon, r.t., 24h ©/ m
BHT (2 equw) 3a trace
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\\’/ m 'i))‘) \\’/ l)_>-
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B. Control experiments dark

» 3a not detected
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Scheme 5.
Mechanistic study: A. Reaction in the presence of radical scavenger. B. Control experiments.
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Scheme 6.
Proposed mechanism.

Green Chem. Author manuscript; available in PMC 2023 May 12.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Niu et al. Page 14

Table 1

Optimization of the reaction and its conditions®

Y
7 W\ 7y

SW 0 additives S A0
| * base, r.t., 24h
1a 2a 3a
Entry? Additives (mol%) Base (equiv) Solvent vied® 9)
1 Eosin Y (1%) K,CO; (2.0) CH,Cl, 76
2 — K,CO; (2.0) CH,Cl, 40
3 Eosin Y (1%) — CH,Cl, 50
4 — — CH,Cl, 72
5 - - CH,Cl, Trace®
6 — — CH,Cl, 207
7 — — PhCH3 Trace
8 — — MeCN Trace
9 — — Acetone Trace
10 - - Neat 95(92)6
1 — — Neat —
12 — — Neat 80%7
13 — — Neat 849"
14 — — Neat 86%"
15 — — Neat 3504/

aReaction conditions: 1a (0.2 mmol), THF 10 equivalent, solvent 1 mL, base 2.0 equivalent, room temperature, under argon atmosphere were
irradiated with 40 W LED lamp (440 nm) for 24 h.

ineIds are based on 1a, determined by IH-NMR using dibromomethane as the internal standard.
cDark.

dOpen to air.

Elsolated yields, 1 mL THF.

fReaction performed under 100% oxygen atmosphere.

gOpen to air conditions.

hUnder nitrogen atmosphere containing 1% oxygen.

iPositive pressure of argon.

/Freshly distilled THF, 24 hours, 440 nm blue LED.
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