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Oxygen-centered radicals are highly reactive and have played a key
role in organic transformations since their discovery. Nowadays, the
direct difunctionalization of alkenes involving oxygen-centered
radicals is still underdeveloped due to the inherent properties of
oxygen-centered radicals, especially the intermolecular radical
addition of unactivated alkenes. Herein, we report an intermolecular
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Visible light-promoted oxycarbonylation of
unactivated alkenest

*ab

oxygen-centered radical addition carbonylation reaction of unacti-
vated alkenes under visible light irradiation. The transformation was
initiated with the direct addition of alkoxycarbonyloxy radicals to
alkenes, which then underwent aromatic migration under the inter-
vention of carbon monoxide to achieve the targeted oxycarbonylation
products.

Oxygen-centered radicals are highly reactive and have played a key role in organic transformations since their discovery. The addition of oxygen-centered
radicals to unsaturated systems is considered a convenient method for the construction of new C-O bonds. However, the carbonylative version of such
transformations has not been developed due to the high reactivity of oxygen radicals. Considering the importance of CO chemistry, which can make use of
cheap and abundant carbon monoxide as a C1 source for rapidly producing carbonylated compounds, we developed a new procedure for oxycarbonylation of
alkenes, which simultaneously installs an oxygen-centered radical and carbon monoxide to the double bond of unactivated alkenes. Under the assistance
of visible light, double functionalization of alkenes was realized and the corresponding oxygen and carbonyl substituted products were obtained in moderate to

good yields.

The efficient and selective assembly of complex structures
from simple and inexpensive starting materials is attractive but
challenge in synthetic organic chemistry." Direct difunctiona-
lization of alkenes is one of the most efficient strategies for
constructing complex molecules as alkenes are readily available
and highly versatile materials.” In addition, the use of cheap
and abundant carbon monoxide as a C1 source for incorpora-
tion into organic molecules also serves as a powerful method
for rapidly obtaining carbonylated compounds.? Carbonylation
of alkenes represents an important strategy in chemical syn-
thesis since the combination of alkenes and carbon monoxide
in the hydroformylation process pioneered by Otto Roelen” and
also the related Reppe process® developed by Walter Reppe.®

The carbonylative difunctionalization of alkenes has a very
significant synthetic value by adding a carbonyl group and a
functional group at each end of the alkene to give B-substituted
carbonylated compounds. However, although the carbonylation
of alkenes is well advanced, including hydroformylation, boro-
carbonylation, polyfluoroalkyl carbonylation, arylcarbonylation,
etc. (Scheme 1a),” the oxycarbonylation reaction of alkenes has
not been reported yet.

Oxygen-centered radicals are highly reactive and have played
a key role in organic transformations since their discovery.® The
addition of oxygen-centered radicals to unsaturated systems is
considered a convenient method for the construction of new
C-O bonds (Scheme 1b). Based on the initiation methods and
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Scheme 1 Studies on 1,2-functionalization of alkenes.

Radical addition

the specific reactivity of oxygen-centered radicals, a variety of
difunctionalizations of alkenes with oxygen-centered radicals
were achieved during the past few decades, but mainly intra-
molecular radical addition.® In contrast, intermolecular reactions
of oxygen-centered radicals with alkenes have been rarely
reported.’® Alexanian’s group reported the direct dioxygenation
of alkenes using hydroxamic acid derivatives as oxygen-centered
radical precursors under a molecular oxygen atmosphere.'’
Dagousset and coworkers achieved a highly efficient intermo-
lecular alkoxy radical addition of styrenes in the presence of
photocatalysis.'® Glorius, Han, et al. developed several novel
powerful bifunctional oxygen-nitrogen radical precursors and
successfully achieved intermolecular oxygen—nitrogen function-
alization of alkenes."? Xu and co-workers reported an inter-
molecular alkoxypyridylation of N-vinylbenzamide using
N-alkoxypyridinium salts as the bifunctional reagents."* Never-
theless, the merging of oxygen radical addition and carbonyla-
tion of alkenes remains a challenge.

Based on the above discussed backgrounds, we intend to
overcome the challenge and directly utilize oxygen-centered
radicals and carbon monoxide to achieve oxycarbonylation
reaction of unactivated alkenes (Scheme 1c). First, the oxygen-
centered radical undergoes an addition process with the unac-
tivated alkene to provide a new carbon radical. The intermedi-
ate then traps the carbon monoxide to form the acyl radical and
finally undergoes a migratory rearrangement to generate the
oxycarbonyl compounds. However, the formation of new car-
bon radicals from the addition of oxygen-centered radicals to
alkenes does not offer any advantage concerning its stability.
Regulating the activity of oxygen-centered and carbon radicals
becomes the key centrepiece of this reaction. We envisage that
these difficulties could be possibly resolved by the following
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Table 1 Optimization of the reaction conditions?

HO ph blue LED (440 nm)
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[Ir(dF(CF3)ppy): )(pPy)2IPFs fac-Ir(ppy)s 4CzIPN
(PC1
Entry  Variation from the standard reaction conditions  Yield [%]
1 None 70
2 DCM instead of acetone 56
3 EA instead of acetone 47
4 MeCN instead of acetone 47
5 [Ir(dtbbpy)(ppy).]PFs instead of PC 1 32
6 fac-Ir(ppy); instead of PC 1 Trace
7 4CzIPN instead of PC 1 51
8 [Ru(bpy);]Cl,-6H,0 instead of PC 1 Trace
9 Without PC N. D.
10 7 W instead of 15 W 65
11 30 W instead of 15 W 60
12 1b instead of 1a 51
13 1c instead of 1a 20
14 Without light N. D.
15 15 h 56

“ Reaction conditions: 1a (0.4 mmol), 2a (0.2 mmol), [Ir(dF(CF;)-
ppy)2(dtbbpy)]PFs (1 mol%), acetone (1 mL) with blue LEDs (15 W,
440 nm) at room temperature for 24 h under CO (40 bar). Isolated

yields.
X N X N X N
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strategies: (1) introducing of suitable polar groups into oxygen-
centered radicals to decrease their reactivity; (2) by forming a
thermodynamically more favourable -oxoalkyl radical group to
avoid their proton abstraction reactions. As inspired by the
pioneering works of Glorius and co-workers,'*”* we developed
a new strategy for the intermolecular oxycarbonylative transfor-
mation of alkoxycarbonyloxypyridinium salts with unactivated
alkenes.

We commenced our research on this visible light-promoted
oxycarbonylation by using alkoxycarbonyloxypyridinium salt 1a
and unactivated alkenes containing benzothiazole 2a as
the model substrates (Table 1). After extensive screening of
the reaction parameters, 1 mol% [Ir(dF(CF;)ppy).(dtbbpy)|PFs,
acetone (1 mL), 40 bar CO and irradiation under a 15 W blue
light source were found to be the optimum combination for the
targeted oxycarbonylation and the target product 3a was
obtained in 70% isolated yield (Table 1, entry 1). A decrease
in the yield of the reaction was observed by changing the
solvent, indicating that acetone was still the best choice
(Table 1, entries 2-4). Comparing the performance of other
photocatalysts such as [Ir(dtbbpy)(ppy).]PFs, fac-Ir(ppy)s, 4CzIPN
and [Ru(bpy);]Cl,-6H,0, it was observed that their reaction
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efficiencies were much lower than that of PC 1 (Table 1, entries
5-8; their redox potentials are given in ESI{). Controlled
experiments have shown that both the photocatalyst and light
source are critical to the success of this reaction, and that if
either is absent, the target product cannot be detected (Table 1,
entries 9 and 14). It is worth noting that by varying the intensity
of the light source and the reaction time, the reaction can still
occur, although the yield was reduced. We then tested the effect
of pyridine salts with different substituents on the pyridine ring
and found that substrate 1a gave the best results (Table 1,
entries 12-13; for details, please refer to ESI{ for more informa-
tion). It's also important to mention that the other more
common oxygen-centered radicals such as TEMPO and tert-
butoxy radical are not working in this transformation. Due to
the radical nature of this transformation, no desired reaction
occurred when CO gas was replaced with CO sources, such as
TFBen, Mo(CO)e, or others. The gap between the yield and
conversion was mainly due to the formation of non-carbony-
lation by-product.

After the optimal conditions for the reaction were estab-
lished, we began to study the compatibility of a series of
unactivated alkenes with different functional groups using

Table 2 Substrate scope of unactivated alkenes®
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alkoxycarbonyloxypyridinium salt 1a (Table 2). In general, the
reactivity of the heterocycles is higher than that of the aryl
groups and migration occurs faster than for the aryl groups.
In more detail, in testing the electronic and steric hindrance
effects of the substrate, we found that when electron-donating
groups are substituted at the para position of the aromatic ring,
such as isopropyl, phenoxy and phenyl, the reaction affords the
target products in moderate yields (3b-3f). The presence of
electron-withdrawing groups at the para- and meta-positions of
the benzene ring promotes the reaction and the corresponding
difunctionalized products were obtained in good yields (3g-3j,
3n-30). When the aryl group has an electron-withdrawing
group, the reaction efficiency was better. By installing a methyl
group at the ortho-, meta- and para-positions of the aromatic
ring of the substrate, the corresponding products were
obtained in good yields (3k-3m). This result indicates that
the reaction exhibits good tolerance to the steric hindrance
effect of substrates. It is worth noting that when the para
position of the benzene ring is substituted by a methoxy group,
the reaction can still proceed, although the yield was lower (3d).
The presence of a methoxy group lead to the decomposition of
the substrate and quinone can be detected here. Notably, the
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“ Reaction conditions: 1a (0.4 mmol), 2a (0.2 mmol), [Ir(dF(CF;)ppy).(dtbbpy)|PFs (1 mol%), acetone (1 mL) with blue LEDs (15 W, 440 nm) at room

temperature for 24 h under CO (40 bar). Isolated yields.
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excellent tolerance of the halides in the reaction provides a
prerequisite for further modification of the products (3h-3j).
Interestingly, the aryl substrate substituted with a double
electron-withdrawing group showed good compatibility and
the target product was obtained in 71% yield. The reaction
was also explored with the compatibility of heterocycles other
than benzothiazole groups and the corresponding products
were obtained in moderate to good yields (3q-3t). Alkenes
substituted with the same active group participate in the
reaction, for example diphenyl substitution, ditolyl substitution
and dihalophenyl substitution. The reaction gave the expected
product in moderate to good yields (3u-3x). In these cases, the
addition of Lewis acids as a co-additive was tested and no
improvement of the desired product yield could be observed.
Substrates with electron withdrawing effects are more respon-
sive and the target structure was obtained in good yields when
groups with different electrical properties were attached to the
diphenyl group (3y-3z). This result shows that the acyl radical,
as an electron-rich group, is more likely to react with electron-
poor groups. Surprisingly, after adjusting the substituent group
on the arene to an alkane, the reaction proceeds as expected,
although the yields of the desired products were low (3ab-3ad).
However, this defect can be greatly improved by modifying the
electrical properties of the phenyl group with functional groups
(3ae-3ag).

To gain a deeper understanding of the reaction pathway, we
carried out some of the necessary control experiments, as
shown in Scheme 2. Firstly, the radical scavengers TEMPO
(2,2,6,6-tetramethylpiperidinyl-1-oxide), BHT (butylated hydro-
xytoluene) and DPE (1,1-diphenylethylene) were added to the
reaction under optimum conditions and the results showed
that the formation of the target products could not be observed,
suggesting that the reaction has a high probability of experien-
cing radical intermediates (Scheme 2a). However, no radical
captured intermediates could be detected either which might
due to the low stability of the formed compounds. Next, the

A) Radical trapping experiments —
X \
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0. o~ \ N TEMPO (3 equiv.) 0 Ol s~
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reaction also failed to take place under standard conditions
without the involvement of carbon monoxide, suggesting that
carbon monoxide plays an important role in the reaction
(Scheme 2b). The reaction was scaled up to better demonstrate
its practical applicability. To our surprise, when the amount of
photocatalyst was reduced to half of the standard conditions
and the reaction was scaled up to 10 times, the target product
was still obtained in a good yield of 69% (Scheme 2c). The
product 3a can be further converted to the thiophene derivative
4 in good yield under mild conditions (Scheme 2d). Similarly,
alkoxycarbonyloxy as a precursor of alcohol can be easily
realized from the substrate 3u to the corresponding alcohol.
These transformations may have potential applications in
future drug synthesis.

Based on the experimental results and previous related
reports,">™” we proposed a possible pathway for this oxycarbo-
nylation of alkenes (Scheme 3). First, the alkoxycarbonyloxypyr-
idinium salt was reduced by the excited photocatalyst to release
the alkoxycarbonyloxy radical A, which then reacted with the
alkene to form a new carbon radical B. Under the pressure of
carbon monoxide, the carbon radical traps the carbon mon-
oxide to obtain the acyl radical C. Subsequent intramolecular

OEt
HO
o~ HO
Lo [ g — ]
7 radical addition capture CO
1><

‘ ipso-attack

At OEt

Ph
T e e
Ph™® b migration pa S0
OEt
ﬁ\\\ E D
I
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— Target product

Scheme 3 Proposed mechanism.

C) Scale-up reaction
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Scheme 2 Control experiments and synthetic applications. (i) Lawesson's reagent, DCM, 40 °C, 6 h; (i) NaOH, 80 °C, 20 h.
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ipso attack of the acyl radical yielded the intermediate E. The
target product was finally obtained by SET oxidation and
deprotonation, while the regenerated photocatalyst continues
to participate in the next cycle.

In conclusion, we have successfully achieved the oxycarbo-
nylation reaction of unactivated alkenes with the simultaneous
participation of oxygen-centered radicals and carbon monoxide.
The reaction is well tolerated by functional groups and the target
products obtained can be used for the construction of bioactive
related compounds. The work reported enables a new strategy for
intermolecular oxygen functionalisation of alkenes, broadening
their scope of application. Meanwhile, we found that carbon
monoxide played an important role in the reaction, effectively
avoiding the competition of carbon radical hydrogen abstraction
reaction, which provided a new idea for the further exploitation of
carbon monoxide.
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