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ABSTRACT: Here, we report a visible-light-induced deb-
oronative alkynylation reaction, which is redox-neutral and
works with primary, secondary and tertiary alkyl trifluo-
roborates or boronic acids to generate aryl, alkyl and silyl
substituted alkynes. This reaction is highly chemoselective
and performs well on substrates containing alkenes, al-
kynes, aldehydes, ketones, esters, nitriles, azides, aryl
halides, alkyl halides, alcohols, and indoles, with no detect-
able occurrence of side reactions. The mechanism of this
novel C(sp®)—C(sp) bond coupling reaction was investi-
gated by luminescence quenching, radical trapping, on—off
light, and "*C-isotopic-labeling experiments. This reaction
can be performed in neutral aqueous conditions, and it is
compatible with amino acids, nucleosides, oligosacchar-
ides, nucleic acids, proteins, and cell lysates.

hemoselective bond formations and cleavages are useful

for manipulating molecules with sensitive functional
groups.”” For biomolecule studies in particular, neutral aqueous
conditions are required.** In aqueous conditions, solvent-
insensitive radical reactions 6performed well compared to
cationic or anionic reactions.”® However, its functional group
compatibility was limited by radical initiation methods such as
high temperature or UV light. Recently, visible light catalysis
has resurged in the organic synthesis community’ ~° and appears
promising for radical initiations under mild conditions.">""
Some limited examples on oxidative coupling of phenols
and reduction of azides'*'® have shown visible light catalysis
could be biomolecule-compatible and applicable in vitro and in
cellulo.

The boronate is stable in neutral aqueous conditions, and its
small size is suitable for biomolecule applications.'® Previous
reports used strong oxidants to couple alkyl boronates with
quinones”, alkenes'®"®, arenes®®*!, or isocyanidesn. Recently,
some alkyl boronates were shown to couple with 2,2,6,6-
tetramethylpiperidin-1-yl)oxy (TEMPO) or Michael acceptors
under visible light catalysis conditions.”>** As the visible-light-
induced C(sp®)—C(sp) bond coupling using boronates was
unprecedented and the resulting alkyne was biomolecule-
compatible,” we aimed to develop a novel visible-light-induced
deboronative alkynylation and to further explore its bio-
molecule compatibility under neutral aqueous conditions.

We first studied alkyl trifluoroborate 1 with various alkynes
under blue LED (4., = 468 + 25 nm) irradiation using [Ru-
(bpy);](PF), as the photocatalyst. Terminal alkynes or alkynyl
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Scheme 1. Substrates Scope and Functional Group
Compatibility of the Deboronative Alkynylation Reaction
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@Reaction conditions: entry 6 in Table 1, trifluoborates were used, unless
otherwise noted. PReaction conditions: entry 12 in Table 1, boronic acids
were used. °3 equiv. of trifluoborates and 4 equiv. of Na,CO5 were used,
43 equiv. of trifluoborates were used.
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Table 1. Optimization of the Deboronative Alkynylation Reaction

2 mol% Ru(bpy)s(PFe)2 pp

ph BFK + x—=—Pn
1 2
entry conditions”
1 K;S,05 (2.0 equiv.), X = H
2 K,S,05 (2.0 equiv.), X = BF;K
3 K,$,05 (2.0 equiv.), X = SO,Ph
4 K,;S,05 (2.0 equiv.), X = BI
S BI-OH (2.0 equiv.), X = BI
6 BI-OH (0.5 equiv.), X = BI
Na,CO; (2.0 equiv.)
7 entry 6, no Ru(bpy);(PFy),
8 entry 6, no blue LED
entry 6, no BI-OH
10 BI-OMe (0.5 equiv.), X = BI
Na,CO; (2.0 equiv.)
11 entry 6, BI-OH (0.0S equiv.)
12 entry 6, PhCH,CH,B(OH), as 1
13 entry 6, air

blue LED, additives

N\——pn

25°C 3
time conversion yield”
15h <5% 0
1Sh <5% 0
15h 21% 10%
1Sh 57% 28%
15h 42% 34%
Sh >95% 76% (73%)
12h <5% 0
12 h <5% 0
12 h <5% 0
8h >95% 77%
Sh >95% 77%
12h >95% 78% (71%)
12h >95% 71%

“Reaction conditions: 1 (0.30 mmol, 1.5 equiv.), 2 (0.20 mmol, 1 equiv.), and Ru(bpy);(PF), (0.004 mmol, 0.02 equiv.) in 2.0 mL (1:1) CH,Cl,/
H,O under nitrogen with 4 W blue LED irradiation at 25 °C, unless otherwise noted. “Conversions and yields were determined by '"H NMR

analysis, and isolated yields were in parentheses.
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boronates gave no oxidative coupling products (entries 1 and 2
in Table 1). Interestingly, alkynyl sulfones**~>° or alkynyl ben-
ziodoxoles (BI—alkyne)>°~>* yielded alkynylation 3 in the pre-
sence of persulfates (entries 3 and 4). As this deboronative
alkynylation between trifluoroborates and electrophilic alkyne
equivalents was redox-neutral, the stoichiometric strong
oxidant persulfates should not be required and could contribute
to side reactions. After examining various oxidants (Supporting
Information Table S1), we found the mild oxidant hydro-
xybenziodoxole (BI-OH) mediated the reaction with sup-
pressed side reactions (entry $).>*7*° Further screening
(Supporting Information Tables S2—4) revealed that Na,CO,
improved the reaction yield to 76% in S h at 25 °C (isolated
yield 73%, entry 6).>° Photocatalyst and light irradiation
were both critical (entries 7 and 8). BI—OH was necessary but
could be substituted by methoxybenziodoxole (BI—OMe)
(entries 9 and 10). As expected, S mol % BI—OH was suffi-
cient for this transformation (entry 11). Trifluoroborates could
be substituted by boronic acids with little decrease in reaction
yields and the air atmosphere was operative for the reaction
(entries 12 and 13).

With this newly developed [Ru(bpy),](PFs),/BI-OH cata-
lytic system, the deboronative alkynylation was tested on
broad substrate variations and demonstrated excellent chemo-
selectivity. Primary, secondary, and tertiary alkyl trifluoroborates
(or boronic acids) bearing different substitutions all gave good
to excellent results (products 4—7 in Scheme 1; see entry 6
in Table 1 for conditions). Various aryl substituents were
tolerated on Bl—alkyne including electron-rich methyl and
phenyl groups, as well as electron-deficient chlorides, ketones,
aldehydes, and nitriles (products 8—13). Alkyl substituted
Bl—alkyne including linear hexyl and bulky tert-butyl groups
performed well with the addition of three equivalents of
trifluoroborates (products 14 and 15). The silyl-substituted BI—
alkyne gave 77% yield (product 16). Functional groups typically
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sensitive to transition metal catalysis were tolerated, which
included aryl bromides, aryl iodides, unactivated alkenes, un-
activated alkynes, and azides (products 17—21). Functional
groups prone to nucleophilic or electrophilic side reactions also
remained intact, which included alkyl bromides, benzyl
chlorides, esters, sulfonamides, ketones, alcohols, and indoles
(products 22—28).

To gain insights on the [Ru(bpy);](PFs),/BI—OH catalytic
system, we carried out luminescence quenching experiments.
We observed a decrease of Ru(bpy);(PFs), luminescence in the
presence of BI-OH (or BI-OMe), but not in the presence
of trifluoroborates or Bl—alkyne (Supporting Information
Schemes S1—4). This was in sharp contrast to previous reports,
where trifluoroborates reductively quenched the photoexcited
iridium (IIT) complex.m’24 In addition, when BI-OH was mixed
with two equivalents of Ru(bpy);(PFs), under the blue LED
irradiation for 12 h, o-iodobenzoic acid was observed in 16%
yield amid low conversions (Scheme 2a). These observations
suggested BI-OH (or BI-OMe) interacted with the photo-
excited Ru(bpy);*** and generated Ru(bpy);*" for reaction
initiation. We also recovered 87% vyield of o-iodobenzoic acid
along with the alkynylation adduct when S mol % BI-OH was
used (entry 11 in Table 1), which confirmed BI—alkyne’s role
as an internal oxidant and this reaction was redox-neutral
(Supporting Information Scheme $6).%

To test if this visible-light-induced reaction underwent the
radical process, we added the radical quencher TEMPO>®
to the optimized reaction condition (entry 6 in Table 1). After
12 h, neither the desired alkynylation adduct 4 nor the alkyne—
TEMPO adduct was observed, only the alkyl-TEMPO adduct
31 was isolated in 17% yield amid low conversions, which indi-
cated the presence of alkyl R radical (Scheme 2b). To explore
how the alkyl R radical reacted with BI—alkyne, we prepared
BC isotope-labeled BI—alkyne 32. With exclusive *C retention
adduct 33, an o addition followed by benziodoxole radical
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Scheme 2. Mechanistic Investigations of the Deboronative
Alkynylation Reaction
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@Reaction conditions: entry 6 in Table 1, unless otherwise noted. 5The
blue area indicates the blue LED irradiation, while the grey area indicates
the dark treatment. The x axis is the reaction time, and the y axis is the
reaction yield of 3.

elimination was suggested (top equation in Scheme 2¢).*>**

In contrast, a f addition followed by an unpreferential alkyl
R group migration was unlikely (bottom equation in

Scheme 3. Mechanistic Proposal of the Deboronative

Alkynylation Reaction
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Scheme 2c).**™* To explore if benziodoxole radicals could

oxidize trifluoroborates for radical propagation, we performed
on—off light experiments and observed the light dependence
(Scheme 2d). We further tested the conditions known to generate
alkyl R radical'” and observed no alkynylation (Supporting
Information Scheme S10). Taken together, radical propagation
from benziodoxole radicals was unlikely.*

Based on mechanistic 1nvest4§ations above, we proposed that
Ru(bpy);** was photoexcited"’ to Ru(bpy);*** and oxidized
by the benziodoxole radical (or its precursor BI-OH) to
Ru(bpy);** (Scheme 3). The resulting Ru(bpy),>" oxidized
alkyl trifluoroborate (or boronic acid) to alkyl R radical and
regenerated Ru(bpy);**. The alkyl R radical did a—addition
to Bl—alkyne and yielded the alkyne. The eliminated ben-
ziodoxole radical oxidized Ru(bpy),*"* to generate the o-
iodobenzoic acid, which was removed by the addition of bases.

To enable the biomolecule compatibility of this deboronative
alkynylation, it was required to remove the base Na,COj; from
the reaction condition. Gladly, in buffered (pH 6, 7.4, and 8)
CH,Cl,/H,0 mixed solvents, 71—75% yields of alkynylation
adduct were obtained (Supporting Information Table $5).*
We further searched for reactivity with minimal organic
solvents and found 100% neutral aqueous buffer was applicable
for this reaction (pH 7.4 phosphate saline buffers, entry 1 in
Table 2).

With this mild neutral aqueous condition and excellent
chemoselectivity, we tested the compatlblhty of deboronative
alkynylation with various biomolecules.** In standard neutral
aqueous conditions (entry 1), the addition of stoichiometric

Table 2. Deboronative Alkynylation Reaction in Neutral Aqueous Conditions and in the Presence of Biomolecules

©:>—BF3K , Bl

30 35

conditions®

100% pH 7.4 10X PBS
entry 1,

entry

1.0 equiv. L-tyrosine

entry 1, 1.0 equiv. L-cysteine

entry 1, 1.0 equiv. L-methionine

entry 1, 1.0 equiv. guanosine

entry 1, 1.0 equiv. naringin
6.4 mg/mL ss DNA

entry 1, 10 mg/mL bovine serum albumin

entry 1,

0 NN R W N =

9 entry 1, 2 mg/mL bacterial cell lysates

——Ar

0.2 mM [Ru]

10 mM BI-OH ©:>% A

pH 7.4 PBS

hv, 25 °C 10

time conversion yieldb
Sh >95% 76%
sh >95% 75% (70%)
12h >95% 73%
Sh >95% 83%
Sh >95% 74%
Sh >95% 68%
8h >95% 78% (69%)
12h >95% 72%
12h >95% 86%

“Reaction conditions: 30 (0.07S mmol, 16.8 mg, 1.5 equiv.), 35 (Ar = p-chlorophenyl, 0.05 mmol, 19.1 mg, 1.0 equiv.), Ru(bpy);(PFs), (0.001
mmol, 0.86 mg, 0.02 equiv.), and BI-OH (O 05 mmol, 13.2 mg, 1.0 equiv.) in S mL of 10X PBS buffers for 5S—12 h under nitrogen with blue LED
irradiation at 25 °C, unless otherwise noted. “Conversions and yields were determined by 'H NMR analysis, and isolated yields were in parentheses.
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(mole or mass) amount of biomolecules including amino acids,
nucleosides, oligosaccharides, nucleic acids, or proteins did not
significantly affect the reaction (entries 2—8). We also tested
bacterial cell lysates, which contained various endogenous bio-
molecules, and found the uncompromised alkynylation in 86%
yield (entry 9).

In conclusion, we have developed a visible-light-induced
deboronative alkynylation reaction with the [Ru(bpy);](PF),/
BI-OH catalytic system. This reaction works with primary,
secondary, and tertiary alkyl trifluoroborates or boronic acids
to generate aryl, alkyl, and silyl substituted alkynes. Its broad
substrate scope, excellent chemoselectivity, and mild reaction
conditions bring a useful new addition to C(sp*)—C(sp) bond
coupling reactions. Its compatibility with amino acids, nucleo-
sides, oligosaccharides, nucleic acids, proteins, and cell lysates
suggests future biomolecule applications. The further reactivity
and mechanism of this [Ru(bpy);](PFs),/BI-OH catalytic
system is under investigation in our laboratory.
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