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NHC and visible light-mediated photoredox co-
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The modulation of selectivity of highly reactive carbon radical cross-coupling for the construction of C-C
bonds represents a challenging task in organic chemistry. N-Heterocyclic carbene (NHC) catalyzed radical
transformations have opened a new avenue for acyl radical cross-coupling chemistry. With this method,
highly selective cross-coupling of an acyl radical with an alkyl radical for efficient construction of C-C
bonds was successfully realized. However, the cross-coupling reaction of acyl radicals with vinyl radicals
has been much less investigated. We herein describe NHC and visible light-mediated photoredox co-
catalyzed radical 1,4-sulfonylacylation of 1,3-enynes, providing structurally diversified valuable
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fluorides via the oxidative quenching of the photocatalyst excited state, allenyl radicals are generated
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Introduction

Radical cross-coupling between two carbon radicals has
emerged as a powerful platform for constructing C-C bonds and
has received increasing attention.® Since the radical-radical
coupling reactions proceed in a diffusion-controlled manner,
selectivity modulation is the critical challenge.”” Through
radical addition to the unsaturated bond to form a C-C bond,
acyl radicals have been utilized in preparing diverse carbonyl
compounds.> However, radical-coupling reactions between acyl
and other carbon-centered radicals are rare. N-Heterocyclic
carbene (NHC) catalysis has emerged as an attractive strategy
in synthetic chemistry to access value-added organics via the
formation of the key Breslow intermediate (BI).> Recently, the
single-electron-transfer (SET) of BI was found to provide ketyl-
type radical species, which opens a new avenue for acyl
radical chemistry.*™ As a result, NHC -catalyzed radical-
coupling has attracted great attention after the pioneering
work of Ohmiya in 2019.7* Alkyl radical sources such as redox-
active esters,” Katritzky pyridinium salts,® Hantzsch ester,®
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radical cross-coupling provides tetrasubstituted allenyl ketones.

benzylic C-H bonds,* alkylborates,'”® olefins®*'* and cyclo-
propanes® could be used to perform cross-coupling reactions
with ketyl radicals to form C-C bonds under thermal or pho-
toredox conditions (Scheme 1a). Despite those innovative
approaches, NHC catalyzed radical transformations have
mainly been focused on coupling with alkyl radical species,
while cross-coupling between highly active vinyl radicals and
ketyl radicals though being extremely attractive is still largely
underdeveloped.™*

On the other hand, radical 1,4-difunctionalization*** of 1,3-
enynes provides an elegant and versatile strategy for

a) Radical cross-couplings based on Bl-evolved ketyl-type radicals
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O Formation of ketyl radical from aroy! fluorides via oxidative quenching process of PC*

Scheme 1 Radical C-C bond formation based on Bl-derived ketyl-
type radicals.
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tetrasubstituted allenes from easily available feedstocks. In this
regard, in situ generated allene radicals undergo cyanation,***“
arylation,** halogenation,'¥ alkynylation,s tri-
fluoromethylation,™ or intramolecular cyclization'*™ to afford
functionalized allenes. Radical acylation of 1,3-enynes may
provide straightforward access to value-added allenyl ketone
units,™ which are a crucial core in important nature products*®
and synthetic intermediates.'” However, radical acylation of 1,3-
enynes has been much less developed and is limited to car-
boacylation," mainly due to the lack of an efficient acyl transfer
approach. Recently, Studer et al. developed acylative difunc-
tionalization of olefins*/cyclopropanes® and formal alkenyl®?/
benzylic* C-H acylation by employing aroyl fluorides as ketyl-
type radical precursors via photo-induced SET. Inspired by
those elegant approaches, we speculated that an NHC and
visible light co-catalyzed system®#*'>** might enable the
generation of allenyl radicals and NHC stabilized ketyl radicals
under extremely mild conditions, which may provide an
opportunity for radical acylation of 1,3-enynes. Sulfone-
containing compounds found widespread applications in
organic synthesis, medicinal chemistry, and materials science.*®
As part of our continued interest in radical chemistry'** and
NHC catalysis,"" we now describe the development of NHC and
photocatalysis co-catalyzed three-component radical 1,4-sulfo-
nylacylation of 1,3-enynes, providing direct access to structur-
ally diversified tetrasubstituted allenyl ketones (Scheme 1b).

Results and discussion

We commenced our investigation by employing a 1,3-enyne
(1a), benzoyl fluoride (2a), and TolSO,Na (3a) as the prototype
substrates, and PC-1 (1.5 mol%) and NHC-1 (15 mol%) as
catalysts. Pleasingly, in dichloromethane (DCM), under irradi-
ation with a blue LED at room temperature for 4 h, the expected
allenyl ketone 4 was obtained in 10% yield in combination with
competitive byproduct 5 (10%).>* Ir-based photocatalysts PC-2
and PC-3 improved the reactivity and selectivity (Table 1, entries
2 and 3), while PC-4 and PC-5 were inefficient for this reaction
(Table 1, entries 4 and 5). The employment of other solvents
such as CH;CN, PhCF;, or THF provided 4 in relatively lower
yields (entries 6-8). The structure of NHCs was crucial for
chemo-selectivity control (entries 11-15). NHC-2 and NHC-3
were unsatisfactory (entries 11 and 12). The N-2,6-diethyl phenyl
substituted catalyst NHC-4 afforded 4 with a slightly diminished
yield compared to NHC-1 (entry 13). For NHC-5 or NHC-6,
decreased yield was observed (entries 14 and 15). Other bases,
such as CsOAc and K,CO;, were applicable, with slightly lower
yields (entries 9 and 10). To our delight, the yield could be
further improved by running the reaction at lower concentra-
tion (Table 1, entries 16 and 17), affording 4 in 80% isolated
yield with negligible yield of 5 in 4 mL DCM (entry 17). The
desired 1,4-sulfonylacylation product 3aa was isolated in 75%
yield when the reaction was run at 0.2 mmol scales (entries 18
and 19) by employing chiral or racemic NHC-1 as the catalyst,
and these conditions were thus defined as the standard reaction
conditions for subsequent investigations. Finally, benzoic
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Table 1 Conditions optimization®®

Ph PC (1.5 mol%)

NHCs (15 mol%)
2a ( PhCOF, 2.0 equiv) ph Ph
‘ | + TolSO,Na Cs;COs (2 0 equlv) :2; + nBuﬁ%: Ph
nBu
nBu solvem rt By
1a 3a
Yields (%)
NHCs PCs Solvent -
Entry (15 mol%) (1.5 mol%) (mL) 4 5
1 NHC-1 PC-1 DCM (2) 10 10
2 NHC-1 PC-2 DCM (2) 45 14
3 NHC-1 PC-3 DCM (2) 65 12
4 NHC-1 PC-4 DCM (2) 16 15
5 NHC-1 PC-5 DCM (2) <5 <5
6 NHC-1 PC-3 CH;CN (2) 22 17
7 NHC-1 PC-3 CF;Ph (2) 56 8
8 NHC-1 PC-3 THF (2) 36 12
9° NHC-1 PC-3 DCM (2) 37 25
107 NHC-1 PC-3 DCM (2) 51 20
11 NHC-2 PC-3 DCM (2) 15 14
12 NHC-3 PC-3 DCM (2) <5 20
13 NHC-4 PC-3 DCM (2) 60 17
14 NHC-5 PC-3 DCM (2) 40 12
15 NHC-6 PC-3 DCM (2) 53 6
16 NHC-1 PC-3 DCM (1) 29 9
17 NHC-1 PC-3 DCM (4) 80 <5
18° NHC-1 PC-3 DCM (8) 75 <5
19° rac-NHC-1 PC-3 DCM (8) 75 <5
20" rac-NHC-1 PC-3 DCM (8) 26 8
o _N, .
N ez Arepn Ciprmes €9 - AS Mes
Mo SN O ™
BFs NHC-5 NHC-6
PC-1: Ir(ppy)3 PC-2: [Ir[dF(CF3)ppyl2(dtbbpy)IPFe PC-3: [Ir(ppy)2(dtbbpy)IPFg

PC-4: Ru(bpy)3(BF4)2 PC-5: [Acr-Mes]CIO,

¢ Unless otherwise noted, all the reactions were carried out with 1a (0.1
mmol), 2a (0.2 mmol), 3a (0.2 mmol), NHCs (0.015 mmol), Cs,CO; (0.2
mmol), and PCs (0.0015 mmol) in anhydrous solvent, and irradiation
with a blue LED (453.5 nm, 10 W) at room temperature for 4 h.
b Isolated yields. ° CsOAc (0. 2 mmol) was used as a base. ¢ K,CO; (0.2
mmol) was used as a base. ¢ 0.2 mmol scale reaction was conducted.
f Benzoic anhydride (0.4 mmol) was used instead of 2a.

anhydride was employed as an acyl radical precursor, and 3aa
was obtained in 26% yield (entry 20).

With the optimized reaction conditions, the scope of 1,3-
enynes was explored. As shown in Scheme 2a, 1,3-enynes
bearing various electron-donating or -withdrawing substituents
at the ortho (6-9), meta (10 and 11), or para (12-16) positions of
the 2-phenyl rings, such as alkyl, methoxyl, halogen, methox-
ycarbonyl, trifluoromethyl, and trifluoromethoxy groups, were
fully tolerated affording the corresponding products 6-16
smoothly. 1,3-Enynes bearing naphthalene, fluorene, and pyri-
dine were also compatible with the transformation, and corre-
sponding products 17-19 were formed in 50-93% yields. The
functional groups linked to the alkyne triple bond could also be
diversified. As shown in Scheme 2a, 1,3-enynes with n-hexyl (4-
21), cyclohexyl (25), cyclopropyl (27), and chloroalkyl (26) groups
were tolerated for this transformation. Moreover, good coupling

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Substrate scope for 1,4-sulfonylacylation of 1,3-enynes.?? @ Reaction conditions: unless otherwise noted, all the reactions were

carried out with 1 (0.2 mmol),

2 (0.4 mmol), 3 (0.4 mmol), rac-NHC-1 (0.03 mmol), PC-3 (0.003 mmol) and Cs,COx (0.4 mmol) in DCM (8 mL) at

rt under Ny, and irradiation with a blue LED (453.5 nm, 10 W) for 4 h. © Isolated yield. € 4-BrCgH4,OCH,BF4K was used as a radical source. 94-
OMeCgH4OCH,BF4K was used as a radical source. € Reactions were carried out with in situ generated acyl fluoride; see the ESIt for detailed

reaction conditions.

efficiencies were maintained for 2,4-diaryl substituted 1,3-
enynes (23 and 24). It should be noted that the vulnerable Bpin
(24), insular alkyne (20), and olefin (21) units have been

© 2022 The Author(s). Published by the Royal Society of Chemistry

preserved after transformation. Furthermore,
enynes and 2-alkyl substituted 1,3-enynes were applicable,
affording 22 and 28 in 66% (3:1 dr) and 71% yields,

internal 1,3-
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PC-3 (1.5 mol%)
o NHCs (15 mol%)
. TolSO,Na (2.0 equiv)  Ph BZ NHC-1, 75%, 18% ee
o e v J| ToSode@oean) TR 5%,
Ph F  Cs,CO; (2.0 equiv) NHC-6, 64%, 14% ee
Blue LEDs Ts nBu
DCM, rt, 4 h 4

nBu
1a, 0.2 mmol 2a, 2.0 equiv

Scheme 3 Attempts at asymmetric 1,4-sulfonylacylation of 1,3-
enynes.

respectively. The structure of 28 was confirmed by X-ray single-
crystal diffraction (CCDC 2090996).>' Next, we turned our
attention to the scope of the sulfonyl radical source; various -
sulfonated allenyl ketones 29-40 could be obtained in good
yields (Scheme 2b). Sodium arylsulfinates with methyl substit-
uents in ortho- and meta-positions were well compatible under
the reaction conditions, delivering 30 and 31 in 80 and 86%
yields, respectively. The functional group tolerances and elec-
tronic effects were next investigated based on para-substituted
sodium arylsulfinates. An array of electron-donating (¢-Bu),
-withdrawing (cyano, trifluoromethyl, and carbonyl), and
halogen groups were tolerated under the standard conditions,
affording 32-36 in 72-90% yields. Sodium arylsulfinates con-
taining naphthalene (37), pyridine (38), and thiophene (39)
proved to be viable substrates. Notably, methyl, ethyl and
cyclopropyl substituted sodium sulfite could also deliver
difunctionalization products 40-42 in 70-80% yield.

Very recently, the Du*'* and Huang'"? groups developed 1,4-
alkylacylation of 1,3-enynes under thermal conditions by
employing an electrophilic alkyl radical precursor. It should be
noted that our NHC and PC co-catalyzed system could be
extended to alkyl trifluoroborates. By employing Scheidt's ary-
loxymethyl trifluoroborates," the desired 1,4-alkylacylation
products 43 and 44 were obtained in 74 and 50% yields,
respectively. These exciting results encouraged us to evaluate
the scope of acyl fluorides (Scheme 2c¢). This sulfonylacylation
reaction was insensitive to the steric hindrance of benzoyl
fluoride (45-53). The electron-donating aryl acyl fluorides
showed excellent reactivities (45 and 48-50), while the presence
of strong electron-deficient groups (55) led to low efficiency.
Remarkably, the iodine group, which is sensitive in most metal-
catalyzed coupling reactions, did not inhibit the reaction (46
and 51), providing an opportunity for further transformations.

a) Large-scale synthesis
PC-3 (1.5 mol%)

rac-NHC-1 (15 mol%)
" 1-Napth nBu
LNapthK +  TolSO,Na 2a (PhCOF, 2.0 equiv) C:(
'nBu Cs,CO3 (2.0 equiv) Ts Bz
Blue LED
1m, 2.0 mmol 3a, 2.0 equiv DCM, rt, 4 h 17, 81% (0.8 g)
b) Derivatization reactions
N i ) ) ~ ph nBu
X Ph PhLi (1.1 equiv) NaBH, (1.8 equw)T c o
Ph nBu THF, 30 min nBu Bz MeOH, 0°C, 1h TS o
60, 78% \g/ 1 61, 92%, dr = 1.4:1
o]
SePh  (PhSe), (1.1 equiv) Ph)J\/Ts
Ph A\ Bz _NFSI(1.1equiv) . EtOH (0.1 mL) By
- . DCM, t, 12 h H2SO04, 10 min (1

PH

62, 50% 63, 86%

Scheme 4 Large-scale synthesis and derivatization reactions.
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Ph

¢] standard conditions 9

I I + )J\ + TolSO,Na " Ph Ph
Ph F a) in dark C
b) w/o NHCs Ts nBu

"Bu o) wio PC
1a 2a 3a 4 (nd.)

b) Radical capture experiment.
standard conditions
TEMPO (2.0 equiv)

1a + 2a + 3a

o
4(nd) + 64, 55%
Ph)LjNQ( )

PC-3 (1.5 mol%) 1-Napth nBu
3a (2.0 equiv) C
Cs,C03 (2.0 equiv) Ts Bz
Blue LED, DCM, rt,

c) Possible intermediate.

1-Napth o -
- Ph)&//,\, oTf
p;

nBu

1m, 0.2 mmol 65, 2.0 equiv 17 (19%)

Scheme 5 Mechanism investigation.

The aryl groups have been extended to naphthalene and
heterocycles, providing 52 and 53 in acceptable yields. Impor-
tantly, an alkyl acyl fluoride could be used as well in this
transformation, affording the corresponding allene 54 in 42%
yield. Unfortunately, cinnamoyl fluoride (56) was not suitable
for this conversion. Taking advantage of the mild reaction
conditions as well as broad functional group tolerances, the 1,4-
sulfonylacylation of enynes could be applied at a late-stage
functionalization. As shown in Scheme 2d, the 1,3-enynes
derived from cholesterol could participate in this reaction,
delivering 57 in 58% (1 : 1 dr) yield. Furthermore, the fluorides
derived from natural products such as telmisartan and mefe-
namic acid were successfully converted into 58 and 59 in 85%
and 61% yields, respectively.

Considering the mild reaction conditions as well as toler-
ance with chiral NHC catalysts, we attempted the challenging
chiral allene synthesis. Unfortunately, unsatisfactory enantio-
selectivity was observed for both chiral NHC-1 and NHC-6
(Scheme 3).

Large-scale synthesis and derivatization reactions were per-
formed to showcase the synthetic applications (Scheme 4).
Scale-up synthesis of 17 has been achieved at a 2.0 mmol scale,
and a comparable yield was obtained (Scheme 4a). When
employing PhLi as a base, the tetrasubstituted allenyl ketone 4
could isomerize to diene product 60 in 78% yield. 4 could
undergo reduction of the ketone unit with NaBH,. The allenyl
ketone 4 could easily be transformed into conjugated viny
selenyl ether 62 in 50% yield with excellent Z/E selectivity. When
treated with concentrated H,SO,, Nazarov cyclization product
63 was isolated in 86% yield.

A series of control experiments were performed to unravel
the reaction mechanism. Light, NHCs, and photoredox catalysis
were indispensable for this 1,4-sulfonylacylation reaction
(Scheme 5a). When the radical scavenger 2,2,6,6-tetrame-
thylpiperidine 1-oxyl (TEMPO) was added, the reaction was
suppressed, and TEMPO-trapped product 64 was separated in
55% yield (Scheme 5b), thus suggesting the formation of ketyl
radicals. Furthermore, a trace amount of 4,4’-dimethyl-1,1'-
biphenyl (66) was isolated under standard conditions, indi-
cating the involvement of a sulfonyl radical. The intermediacy
of acyl azoliums has been confirmed by coupling of acyl azolium

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 Stern—Volmer quenching studies.
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Scheme 7 Proposed catalytic cycle.

ion 65 with 1,3-enyne 1a and sodium benzenesulfinate 3a in the
absence of NHCs (Scheme 5c). The radical chain process could
be ruled out based on light/dark experiments (Fig. S4, see the
ESIT). Then Stern-Volmer quenching studies were conducted to
clarify the plausible photoredox mechanism (Scheme 6). 1,3-
Enynes 1a and sodium benzenesulfinate 3a do not show
a significant luminescence quenching effect on the excited state
of Ir*(III). In contrast, the Ir*-complex was effectively quenched
by acyl azolium ion 65, pointing to the oxidative quenching
process.

Based on a series of experimental studies and previous
reports, a plausible catalytic cycle for the 1,4-sulfonylacylation is
proposed in Scheme 7. The acyl fluoride or in situ generated
bisacyl carbonate intermediate¥ could react with NHCs
providing acylazolium intermediate I. Upon visible light irra-
diation, the excited state of [Ir(ppy),(dtbbpy)]PFs undergoes an
oxidative quenching®® by I to yield the Ir™-complex and ketyl
radical IL Single-electron transfer between the Ir"-complex and
aryl sulfinate provides an aryl sulfonyl radical III while regen-
erating the ground-state photocatalyst (Ir'"), closing the pho-
toredox cycle. The sulfonyl radical then adds to the olefin unit of
the 1,3-enyne 1 delivering the propargyl radical IV, which could
undergo reversible resonance to generate trisubstituted allenyl

© 2022 The Author(s). Published by the Royal Society of Chemistry
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radical V.* Subsequently, chemo-specific radical/radical cross-
coupling between the persistent ketyl radical II and transient
allenyl radical V affords NHC-bound intermediate VI. The
exclusive coupling selectivity might be regulated by the persis-
tent radical effect'” as well as the steric exclusion of propargyl
radical IV with ketyl radical II. VI disintegrates to give rise to the
final product 4, while the NHC is regenerated for the next NHC
cycle. Meanwhile, SO, fragments of the sulfonyl radical
produced aryl radicals, which undergo homocoupling affording
biaryl 66. Radical-radical cross-coupling of V and IV affords the
byproduct 5. Meanwhile, direct homo-coupling of V or IV
was not detected in our reaction system, which might be due to
the persistent radical effect.*”?

Conclusions

In summary, we have realized an efficient 1,4-sulfonylacylation
of 1,3-enynes by merging photocatalysis with NHCs. This
transformation provided a facile and direct access to tetrasub-
stituted allenyl ketones under mild conditions with broad
functional group tolerance and excellent chemo- and regiose-
lectivity. Mechanistic studies indicated that the key step of the
transformation is allenyl and ketyl radical cross-coupling,
proving a new avenue for NHC catalyzed radical chemistry.
The ketyl radical was formed from aroyl fluorides via the
oxidative quenching of the photocatalyst excited state. Further
extension of this cross-coupling system to other destabilized
transient radicals is ongoing in our laboratory.
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