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Photoinduced inverse Sonogashira coupling
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Alkynes are widely used in chemistry, medicine and materials science. Here we demonstrate a transition-
metal and photocatalyst-free inverse Sonogashira coupling reaction between iodoalkynes and (hetero)
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arenes or alkenes under visible-light irradiation. Mechanistic and computational studies suggest that

iodoalkynes can be directly activated by visible light irradiation, and an excited state iodoalkyne acted as
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Alkynes are among the most important class of compounds in
organic chemistry. Because of their structural rigidity, special
electronic properties and numerous methods available for the
functionalization of the triple bond, alkynes are important tools
and structural elements both in medicinal chemistry and
materials sciences." Therefore, the development of a new
methodology to introduce carbon-carbon triple bonds is of
great importance in organic chemistry. The Sonogashira
coupling reaction is typically used for the formation of C(sp)-
C(sp?) bonds starting from hetero(aryl) halides and terminal
alkynes.” Recently, “inverse Sonogashira coupling” involving
the direct alkynylation of unreactive C(sp®)-H bonds with
readily available alkynyl halides has received growing interest in
the development of a complementary strategy (Fig. 1a). Various
main-group and transition metals have been developed to
promote this transformation.® In addition, a photomediated
Sonogashira reaction without a photocatalyst was also devel-
oped by several groups (Fig. 1b).*

In recent years, SOMOphilic alkylnylation (SOMO = singly
occupied molecular orbital) has become an excellent method of
introducing alkynyl groups (Fig. 1c).® Based on photoredox and
transition metal catalysis, numerous in situ generated radicals
undergo a-addition and B-elimination to alkynyl reagents, like
the broadly applicable ethynylbenziodoxolone (EBX) reagent.
Various radical alkynylations were thus discovered by Li,°
Chen,” Waser,® and many other groups.’ However, extending the
scope of radical precursors, more atom-economic reactions,
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an “"alkynyl radical synthetic equivalent”,

reacting with a series of C(sp?)—H bonds for coupling products.

This work should open new windows in radical chemistry and alkynylation method.

and a deeper understanding of the mechanism in these trans-
formations are still highly desirable.

After the discovering of trityl radicals by Gomberg in 1900,
the “rational” era of radical chemistry has since begun.' Now,
the development of radical reactions, especially those involving
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Fig. 1 Models of alkynylation. (a) Conventional inverse Sonogashira
reaction. (b) Photomediated Sonogashira reaction. (c) SOMOphilic
alkynylation. (d) Photoinduced inverse Sonogashira reaction.
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C(sp®) and C(sp®) radicals, enables rapid access to drug
discovery, agrochemistry, materials science, and other disci-
plines." However, the C(sp) radical remains a baffling species.
Due to their very high energy, short life time, and limited and
harsh preparation methods, alkynyl radicals remain an elusive
species, which just exists in some extreme environments, like
outer-space and the petrochemical industry.”” Even though
alkynyl radicals have been proposed as intermediates for some
alkynylation methods, they were regarded as mysterious species
and ignored by organic chemists for a long time.** Recently, two
approaches have been developed to aid the alkynyl radical
generation step. In 2015, Hashmi and collaborators reported
a [Au,(p-dppm),]** catalyzed free radical-radical C(sp)-C(sp?)
bond coupling reaction between iodoalkynes and aliphatic
amines." Under irradiation of sunlight, the dimeric gold
complex was proposed to reduce the iodine acetylide to an
alkynyl radical. In 2017, Li developed a transition-metal-free
alkynylation reaction between iodoalkyne and 2-indolinone.*
Iodoalkynes could release alkynyl radicals under high temper-
ature conditions. In 2019, we reported an Au(i) and Ir(m) cata-
lyzed alkynylative cyclization of o-alkylnylphenols with
iodoalkynes, wherein the photosensitized energy transfer
promoted the oxidative addition of a gold(i) complex with
iodoalkynes.' Based on our continuous interest in haloalkyne
and photo-chemistry, we proposed that an iodoalkyne could be
a potential “alkynyl radical precursor” under light irradiation.
In this work, we uncovered a novel mode of transition-metal
and photocatalyst-free, direct photoexcitation of iodoalkynes
for the inverse Sonogashira coupling reaction with arenes,
heteroarenes, and alkenes via an “alkynyl-radical type” transfer
(Fig. 1d).

Optimization studies

A detailed description of the reaction design for this photoin-
duced inverse Sonogashira reaction is provided in Table 1 by
coupling  1,3,5-trimethoxylbenzene 1 with  1-fluoro-4-
(iodoethynyl)benzene 2 in the presence of the Ir[dF(CF;)
ppylo(dtbbpy)PFe ([Ir-F]) catalyst under blue LED irradiation
(Amax = 460 nm). Inspiringly, the desired cross-coupling product
3 was formed in 23% yield, with two side products iodide tri-
methoxylbenzene 4 2%, and diyne product 5 6% (Table 1, entry
1). The screening of other photocatalysts, like Ph,C=0," qui-
nuclidine,*® and TiO,,"* could slightly increase the yield up to
32% (entries 2-4). Interestingly, a control experiment without
a photocatalyst gave a better yield of 35% of the desired cross-
coupling product 3 (entry 5). Moreover, it was found that
almost all light sources could trigger this reaction, and
a substantial improvement of yield was obtained as 45% under
365 nm LEDs when using 3 equivalents of 2 for 18 hours (entry
6-10). Finally, after substantial optimization it was found that
the combination of 1-fluoro-4-(iodoethynyl)benzene 1, 1,3,5-
trimethoxylbenzene 2 (5 equiv.), and CsF (2.5 equiv.) in DCE at
room temperature under blue LED light for a prolonged time
(70 hours) gave the best result, with a 76% isolated yield ob-
tained (entry 12). Control experiments showed that other bases
(KOAc and K3PO,) and solvents (MeCN, PhCF; and CHCL;)
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Table 1 Optimization of the reaction conditions®

o Oy | T [PC], hv
\Q/ * \©\ CsF, DCE, 18 h, rt.
0 F
1 2
Entry [pc] hy 1 (eq.) 3 yield®
1 [Ir-F] Blue LEDs 2 23%
2 Ph,C=0 Blue LEDs 2 31%
3 Quinuclidine Blue LEDs 2 29%
4 TiO, Blue LEDs 2 32%
5 — Blue LEDs 2 35%
6 — Blue LEDs 3 37%
7 — CFL lamp 3 7%
8 — 405 nm 3 40%
9 — 395 nm 3 43%
10 — 365 nm 3 45%
114 — 395 nm 5 69%
124 — Blue LEDs 5 75% (76%)
13%¢ — Blue LEDs 5 0
14% — Blue LEDs 5 0

¢ General conditions: 1 (2-5 equiv.), 2 (0.2 mmol), photocatalyst (PC) or
not as shown, CsF (2.5 equiv.), DCE (0.03 M), t, 18 h, and different light
sources as shown. ”[Ir-F] = If[dF(CF;)ppyl,(dtbbpy)PFs (1 mol%),
Ph,C=0 (20 mol%), quinuclidine (20 mol%), and TiO, (8 mg mL ).
¢ Determined by H NMR using 1,4-dimethoxybenzene as an internal
standard. Isolated yields in parentheses. ¢ Reaction for 70 h.
¢ without light.” Without CsF.

could also promote this reaction well (see the ESIt). In contrast,
no desired product could be obtained in the absence of light
(entry 13) or base (CsF, entry 14). When 1-(bromoethynyl)-4-
fluorobenzene was subjected to the reaction, only 3% of 3 was
obtained. See the ESIf for detailed condition optimization.

Scope of the reaction

This new inverse Sonogashira reaction provides an alternative
method for obtaining alkynylated products in moderate to good
yields, which was carried out under blue LED irradiation (Table
2). Firstly, the scope of aryl iodoalkynes was studied in reaction
with 1,3,5-trimethoxylbenene 1 under optimal reaction condi-
tions (Table 1, entry 12). Aryl iodoethynyl bearing electron-
withdrawing groups in the para position, such as F, Cl, Br,
and CFj3, delivered the corresponding alkynylated arenes 3, 6, 7,
and 8 without difficulty. Aryl iodoethynyl without substitution
furnished alkynylated arenes 9 in a slightly lower yield (54%).
The presence of electron-donating groups (-Me and -¢-Bu) at the
para position furnished alkynylated arenes 10 and 11 in good
yields (60% and 79%). In addition, aryl iodoethynyl bearing
methyl or chloro groups at the meta-position, or the methyl
group at the ortho-position, could react smoothly with 1,3,5-
trimethoxylbenene (12, 13, and 14). However, no reaction was
observed with alkyl iodoalkynes bearing cyclohexyl or ethyl ester
groups (15 and 16).

Next, this protocol allows direct alkynylation with a broad
range of arenes and heteroarenes. It shows that this

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Scope of the photoinduced inverse Sonogashira reaction®

|
X
) . RS R ' st

| R csF.DCE, 700
arene and

heteroarene iodoalkyne

lodoalkyne Scope

15, 0%

Arene and Heteroarene Scope

19, 63%

17,R=F, 61%
18, R = Me, 78%

21,43%
47%

£ F

24, 37% (2:1) 25, 62% (2:1) 26, 50% (1.8:1)

43% 211 70% (2.5:1)° 92% (1.4:1)°
N
NN o
N >
oA X
F
27,21% 29, 0% £

% General conditions: arene and heteroarene (5 equiv.), iodoalkyne (0.2
mmol), CsF (2.5 equiv.), DCE (0.03 M), blue LEDS (Ajax = 460 nm), rt,
70 h, and isolated yields. * 8 mg mL™' TiO, was added. *Minor
isomeric product.
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alkynylation approach was more effective for electron-rich are-
nes (3 and 17-21). For unsymmetrical aromatics with more than
one reactive site, products may be formed as isomeric mixtures
(22 and 23). Besides arenes, heteroarenes, including benzo-
furan (24), phenyl-pyrrole (25), pyrrole (26) and indole (27 and
28), could also be likewise tolerated with this photochemical
procedure. And TiO, was found to benefit the alkynylation of
these heteroarenes, likely due to the surface association
between TiO, and nitrogen-containing heteroarenes.” Iso-
quinoline was not tolerated in this system may be due to its
intrinsic electron-deficient properties (29).

To our delight, this clean photochemical alkynylation
protocol was also suitable with a variety of alkenes, and the
iodoalkynylation product rather than the alkynylation product
was mainly obtained under previously optimized conditions
(Table 3). The success example was firstly carried out between
iodoalkyne 2 and cyclohexene, affording iodoalkynylated
cyclohexane in 43% yield (30), with two diastereomers (d.r. =
1.1: 1), which is consistent with the radical pathway. Notably,
a transitional metal (like Pd, Ru, or Au) is often required to
obtain this kind of haloalkynylation product.* The extension of
this transitional-metal-free method to other unactivated
alkenes, like cyclopentene, norbornene, and monosubstituted
alkene, hex-5-en-2-one, also proved successful (31-35). Inter-
estingly, the activated alkene, 3,4-dihydro-2H-pyran, reacted
with iodoalkyne delivering both iodoalkynylation and alkyny-
lation products (36 and 37). And 1,1-diphenylethylene reacted

Table 3 Scope of iodoalkynylation and alkynylation processes with
alkenes®

Rzl RI
|
R S .rt
NI S S NG N
| SR csF,DCE, 70h i | Lk
>z | R
P> =

alkene

iodoalkyne

|
%
:

30, 43%,d.r.=1.1:1

I
CK@L
t-Bu

33,31%,d.r.=1.3:1

iodoalkynylation alkynylation

|
CK@
.

32,37%,d.r.=1.1:1

Q
|
X
e

35, 25%

gf

31, 48%, d.r.=1.3:1

KQ

34,35%, d.r.=2.5:1

o

pTTTTTTTTTT T mmmmmmssmn e y F

; S

o

"n
e

38, 55%

¢ General conditions: alkene (10 equiv.), iodoalkyne (0.2 mmol), CsF (2.5
equiv.), DCE (0.03 M), blue LEDS (Amnay = 460 nm), rt, 70 h, and isolated
yields.
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with the iodoalkyne 2 delivered the corresponding alkynylation
product 38 in 55% yield.

The alkynylation and iodoalkynylation products are valuable
scaffolds for further elaboration, notably through the potential
reactivity of the alkyne and the iodo moiety. For instance, the
alkyne moiety can be hydrogenated by formic acid under
palladium (0) catalysis to Z-alkene or E-isomer,* and the iodide
group provides possibilities in the diversification of cross-
coupling products.

Mechanistic investigations

Having demonstrated that inverse Sonogashira alkynylation
was possible for a broad scope of iodoalkynes, arenes, hetero-
arenes, and alkenes, we attempted to gain a better under-
standing of this transformation, and three reaction pathways
were envisaged. We first assumed the typical photoinduced
oxidation process, under light irradiation, the ground state of
iodoalkyne will transfer to its excited state, and then the excited
state iodoalkyne acted as an oxidant to oxidize another
substrate, and this process was recently verified by the Wase
group with an EBX reagent (Scheme 1a).>* Alternatively, photo-
induced homolysis, which is often taught in textbooks, is
another direct pathway to generate two radicals, the alkynyl
radical and the iodo radical (Scheme 1b).** Finally, considering
the extremely high energy of the alkynyl radical (the BDE(Csp-H)
> 130 kecal mol '),** we postulated a third pathway that an
activated iodoalkyne might behave as an “alkynyl radical
synthetic equivalent”, rather than a “free alkynyl radical” under
our blue LED irradiation conditions (Scheme 1c).*

Firstly, radical inhibition experiments were performed
(Fig. 2a). The yield of the alkynylation product was suppressed
from 76% to 55% or 43% in the presence of increasing amounts
of radical scavenger, 2,2,6,6-tetramethyl-1-piperidinoxyl
(TEMPO), or 5,5-dimethyl-1-pyrroline N-oxide (DMPO).
Considering that the diyne side product 5 was almost always
formed in our reaction, the individual iodoalkyne 2 was added
into the standard conditions, the same as in Table 2 (Fig. 2b).
Indeed, the diyne side product 5 was isolated in 35% yield.
These control experiments revealed that the radical pathway
might be involved in this reaction.

It is well known that the ring-opening of the cyclo-
propylcarbinyl radical can serve as a radical clock.?® Consistent
with this hypothesis, a radial clock compound, (1-

a) photoinduced oxidation
O—= + v —> O%I_]' as oxidant

b) photoinduced homolysis

O——1 + e O—="+ 1"

via a free alkynyl radical

c) photoinduced "alkynyl-radical type" transfer
O— + v ——> o+7| = O—=-+1I"
as an "alkynyl radical synthetic equivalent"

Scheme 1 Three possible reaction pathways.
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a) Inhibition experiments
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Fig. 2 Mechanistic investigations. (a) Inhibition experiments. (b) Diyne
formed. (c) Radical clock experiment. (d) Electron paramagnetic
resonance (EPR) spectrum (X band, 9.8 GHz) at 298 K. (e) UV-Vis
spectrum. All standard conditions are the same as in Table 2.

cyclopropylvinyl)benzene 39, was added into the reaction
conditions to react with iodoalkyne 2 (Fig. 2c). Interestingly,
aside from the alkynyl alkene 40 isolated in 46% yield, the-
cyclopropane ring-opening product 41 was generated in 23%
yield, indicating “the alkynyl radical Int-1” and alkyl radical Int-
2 in the reaction.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Moreover, the key “alkynyl radical Int-1” was observed in an
electron paramagnetic resonance (EPR) spin-trapping experi-
ment with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) (Fig. 2d).
There was no signal observed either with only the
trimethoxylbenene 1 in the light condition, or just the
iodoalkyne 2 in the dark. Delightedly, the radical signal peaks
derived from the proposed radical trapping adduct 42 were
detected when the iodoalkyne 2 was irradiated with light. The
standard reaction conditions produced the same radical signal
peaks as the individual iodoalkyne 2 did.

With these results in hand, we turned to luminescence
studies to have further support for the photoactivity of iodoal-
kyne 2 under our reaction conditions (Fig. 2e and S6, S77). For
UV-Vis absorption, at the same concentration as the standard
reaction conditions in Table 2, the iodoalkyne 2 was identified
as the only absorbing species, and the absorption band did still
tail off into the visible light region (Fig. 2e, plain blue line). And
for the fluorescence spectroscopy, the emission peak of
iodoalkyne 2 is around 360 nm, and fluorescence quenching
was observed between the iodoalkyne 2 and trimethoxylbenzene
1 or cyclohexene (Fig. S6 and S7). See the ESIf for more
information.

Finally, in order to further exclude the photoinduced
oxidation mechanism (Scheme 1a), cyclic voltammetry studies
were performed (Fig. S57). As the reductive potential of 1-fluoro-
4-(iodoethynyl)benzene 2 at the ground state is E;,(2) = —1.40 V
versus the saturated calomel electrode (SCE), the estimate of the
excited state is calculated as E;;,(2%/2°7) = +1.3 V vs. SCE,*>*
and it does not support the oxidation of the arenes, hetero-
arenes and alkenes in our reaction (as most oxidative potentials
range from +1.7 to +2.3 V).>” More detailed mechanism studies
are in the ESLT

Computational studies

Theoretical calculations have been carried out to further
investigate the mechanistic hypothesis of a photoinduced
homolysis and “alkynyl-radical type” reactivity (Scheme 1b and
c). It found that the activated iodoalkyne 2* pathway via an
“alkynyl-radical type” transfer occurred relatively easily, with

AG keal/mol
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"alkynyl radical synthetic equivalent"

&/

Scheme 2 Proposed reaction mechanism.

Xacen
H
excited state iodoalkyne = @

lower activation energy 2* and transition state energy TS than
homolytic cleavage of iodoalkyne via a “free alkynyl radical Int-
3” pathway (56.5 and 59.7 vs. 79.3 kcal mol ") (Fig. 3). The bent
structure of iodoalkyne 2* found in its triplet state (supported
with phosphorescence data, see Fig. S7t) appears to be one of
the key points that explain that the reaction of iodoalkyne 2 and
benzene requires photoactivation to proceed. Under visible
light irradiation, the modelled geometry of the excited state
iodoalkyne 2* is bent (I-C-C angle of 130°) versus 180° for 2 in
its ground state, and the C-I bond length increases from 2.01 A
up to 2.20 A, and this change of geometry makes it more reac-
tive. The reactive bent structure of the iodoalkyne 2* would
provide access to the benzene, and undergoes a transition state
TS of concerted nucleophile addition/release of the iodine
radical to Int-4, followed by oxidation and deprotonation to 3.
Moreover, based on the calculated energy of homolytic cleavage,
the bonding dissociation energy of the Csp-I bond (BDE Csp-I)
is estimated to be 79.3 keal mol*, which would correspond to
a homolytic cleavage upon excitation at 361 nm."**® Therefore,
the pathway of photoactivated iodoalkyne via an “alkynyl-

PR RS
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Fig. 3 Free energy profiles for the photoinduced inverse Sonogashira coupling reaction.
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radical type” transfer, in which the calculated energy of the
excited state was 56.5 kcal mol™*, is more feasible than the
photoinduced homolysis under blue LED irradiation conditions
(Amax = 460 nm).

Based on previous literature, mechanism investigations, and
computational studies, “alkynyl-radical type” transfer is
believed to be involved in this photoinduced inverse Sonoga-
shira coupling reaction, and the proposed reaction pathway is
illustrated in Scheme 2. Under visible light irradiation, the
geometry of the excited state iodoalkyne is bent, which becomes
more reactive and acted as an “alkynyl radical synthetic equiv-
alent”, reacting with arenes or heteroarenes via a concerted
transition state to deliver a cyclohexadienyl radical interme-
diate. Then the cyclohexadienyl radical intermediate is oxidized
by the iodo radical and the deprotonation leads to the final
alkynylation product.

Conclusions

This work describes a facile photoinduced inverse Sonogashira
coupling reaction, involving photoinduced activation of
iodoalkynes to allow a C(sp*)-C(sp) and C(sp*)-C(sp) cross-
coupling reaction, useful for the alkynylation of arenes, heter-
oarenes, and alkenes. Beyond the transition-metal catalyzed
inverse Sonogashira coupling reaction, this visible light-
induced alkynylation and haloalkynylation with a series of
C(sp?*) compounds will provide an alternative method to
construct C(sp)-C bonds under very clean and mild conditions.
Even though the alkynyl radical has been regarded as an elusive
species for a long time, our study will help to answer some
important questions and promote more research in this unde-
veloped and interesting field. Our work suggested that the
photoactivated iodoalkyne pathway via an “alkynyl-radical type”
transfer is more favorable than the “free alkynyl radical” to react
with a series of C(sp*)-H bonds under visible light irradiation
conditions. The excited state iodoalkyne with a bent C-C-I bond
structure becomes very reactive and acted as an “alkynyl radical
synthetic equivalent”, which has been successfully character-
ized through a radical clock experiment, EPR study, lumines-
cence study, and theoretical calculations. Therefore, this work
directly supports the transfer of an alkynyl radical, which until
now has been limited to speculation and circumstantial
evidence. The process described in this article enables a transi-
tion-metal-free and photocatalyst-free, direct inverse Sonoga-
shira coupling reaction via an “alkynyl-radical type” transfer
under visible light irradiation, and it opens a new door in the
field of radical chemistry and alkynylation methods.
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