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ABSTRACT ARTICLE HISTORY

A rapid and highly efficient method for the radical formation using Received 18 September 2017
potassium alkylfluoroborates as radical precursor is devised and KEYWORDS

developed which conducts under relatively mild condition using silver Alkyl radical; alkyl

() oxide as the oxidant. The observed silver mirror phenomenon hints trifluoroborates;

at the fact that Ag,0 is the real oxidant. This approach effectively silver(l)-mediated oxidation
overcomes the drawbacks-stringent reaction conditions and poor

tolerance of a variety of functional groups.

GRAPHICAL ABSTRACT

¥ Proceeds at ambient temperature

Ag,0 (1.0 eq.)
TEMPO (1.0 eq.) v’ Short reaction time (10 min)
R—BF3K - N v Easy-to-handle reagents
toluene/H,0 R-0O . :
v
25°C, 10 min 17 examples with excellent yield

v Broad functional groups tolerance

Introduction

Radical chemistry has attracted special research interest and has found widespread
applications in medicinal chemistry, agrochemicals, and material science.!"! Over the past
few years, radical reactions have gradually become versatile and useful synthetic methods
for the construction of carbon—carbon bond."?! By virtue of the tandem radical reactions,
including radical addition or cyclization of functionalized alkenes,” various heterocycles
can be obtained in convenient pathways.

Organometallic compounds, such as organolithium reagents and Grignard reagents, can
be oxidized to their relevant radicals."** Using organometallic compounds as the radical
precursors, however, we face several drawbacks because of their high reactivity and their
sensitivity to air and moisture.”) Another critical defect for the wide application of such
organometallic compounds is poor tolerance of many functional groups. To overcome
these limitations, the top priority is to find another softer organometallic reagent. Organo-
trifluoroborates, because of their lack of the empty p-orbitals, are less sensitive to numerous
organic reagents than their boronic acid analogues. This important characteristic facilitates
their ease of handling, stability and robustness under harsh reaction conditions. Recently,
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a) Cu(ll) or Mn(IIl) as the oxidant

,/ b) Cu(ll) or Ag(l) as the catalyst

.

/
/ %
R—BF;K > R
¢) Ir(I1) or Ru(lll) as the photocatalyst //
\ d) this work: Ag,O as the oxidant

» 17 successful example » Compatible with aryl halide, including
» Proceeds at ambient temperature bromide and chloride
» Inexpensive reagents » Broad scope of functionalized groups

» Compatible with 1°, 2° and 3° alkyl-BF;K > Short reaction time (< 10 min)

Scheme 1. Approaches toward the radical formation using alkyl trifluoroborate as the precursors.

potassium organotrifluoroborates have been used widely in as nucleophiles transition-
metal-catalyzed reactions.”! As is the case with boronic acids, potassium organotrifluoro-
borates also can serve as radical precursors. Thus far, the generation of carbon-centered
radicals from alkyl potassium organotrifluoroborates (alkyl BF;K) has been performed
by stoichiometric or excess amount of oxidants (Scheme 1la). In 2010, Fensterbank and
colleagues reported that alkylBF;K served as radical precursors under oxidative conditions
using copper(II) acetate (Cu(OAc),) or copper(Il) chloride (CuCl,) and 2,2,6,
6-tetramethylpiperidinooxy (TEMPO).[®) This method was compatible with primary and
tertiary substrates. The following year, Molander’s group put forward another oxidative
system!”) using 2.5 equiv. of manganese (III) acetate in the presence of trifluoroacetic acid
in a 1:1 mixture of acetic acid and water. Two years later, Yu’s finding hinted at the fact
that silver(I) carbonate played an essential role in the generation of free alkyl radicals.!"’
Moreover, the formed alkyl radicals were successfully applied in the Palladium(II)
catalyzed ortho-C(sp”)-H alkylation reactions. Baran reported that radical reactions could
be induced by a combination of a catalytic amount of silver(I) nitrate and an excess amount
of potassium persulfate as co-oxidant (Scheme 1b).!'"!

Alternatively, a visible-light-driven single-electron tranmetalation photoredox catalysis
provides a facial and efficient access to carbon centered radicals through oxidation of
organotrifluoroborates (Scheme 1c). This strategy recently has attracted significant interest
of synthetic chemists and has been accepted widely as an effective way to generate radical
species.!"?! Molander and colleagues developed a dual catalytic system!'>*'2*1%8! containing
nickel salt along with photocatalyst, which allowed for the efficient use of alkyltrifluorobo-
rates in cross-coupling reactions under relatively mild conditions. The alkyl radicals, which
were generated through on oxidation process in the presence of visible-light photoredox
catalyst, easily underwent facial single-electron transmetalation onto a nickel catalyst
and then gave the target products through a reductive elimination process. The previously
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mentioned methods, however, still have some shortcomings, including, for example, the
formation of large amounts of metallic wastes, harsh reaction conditions, poor tolerance
of many different functional groups, the requirement of special equipments and expensive
photoredox catalysts. Therefore, it is essential to develop a more efficient method for the
generation of free radicals.

Results and discussion

Initially, to probe our design, we examined the reactivity of phenylpropyl trifluoroborate
la, embedding in our memory that the phenylpropyl radical should be the classical alkyl
radical. The generated radials were then trapped by TEMPO, affording 2a and showing
crucial evidence for the existence of the radical intermediate. We first operated reactions
with Cu(OAc), as the oxidant, together with 1.0 equiv. of silver oxide (Ag,O) as the
co-oxidant. The reactions were easily monitored by gas chromatography-mass spec-
trometry (GC-MS) and thin-layer chromatography (TLC). Notably, a good yield of 2a
was detected in toluene/water (50:1) mixture (Table 1, entry 2). Furthermore, adding a
small amount of water was highly beneficial to guarantee a good yield (Table 1, entry
13), suggesting the possible role of water in keeping the alkylboron species in the reactive
boronic acid form. Although the protic solvent, such as methanol, was not suitable for this
reaction (Table 1, entry 5), polar solvents together with trace distilled water provided worse
results (Table 1, entries 3-4, 6-7). In the toluene/water system, each kind of copper salts
together with Ag,O gave a similar yield (for more details, see supplemental information).

Table 1. Oxidation of phenylpropyl trifluoroborate 1a.

oxidant/co-oxidant %/A)
BF3K EMPO
_— > _N
Solvent ©/\/\O
T°C, th
1a 2a

Entry Catalyst (0.2 equiv.) Oxidant (1.0 equiv.) Solvent 2a¢ yield [%]
1 Cu(OAd), Ag,0 Tol® ND
2 Cu(0AQ), Ag,0 Tol¢ 98
3 Cu(OAq), Ag,0 DCM* 65
4 Cu(0Ac), Ag,0 EAC 26
5 Cu(0A0), Ag,0 MeOH¢ ND
6 Cu(OAq), Ag,0 DMF¢ 30
7 Cu(OAc), Ag,0 MeCN¢ 42
8 Cu(0A0), MnO, Tol ND
9 Cu(OAc), Mn(OAc), Tol¢ ND
10 Cu(OAc), AgNO; Tol¢ ND
1 - Cu(OAc), Tol¢ ND
12 - Ag,0 Tol 98(95)¢
13 - Ag,0 Tol® ND
14 - Ag,0 Tol“¢ 8
15 - Ag,0 Tolf ND

9Reaction conditions: RBFsK (0.1 mmol, 1.0 equiv.), TEMPO (0.1 mmol, 1.0 equiv.), Ag,0 (0.1 mmol, 1.0 equiv.).

®The reaction was conducted without addition of distilled water.

“The reaction was conducted with addition of distilled water(20 pL).

INMR yield, 1,3,5-trimethoxyl benzene as the internal standard reagent.

The reaction was run under air.

The reaction was conducted under oxygen atmosphere.

9Yield of the isolated product, purified by column chromatography.

ND, not determined; DCM, dichloromethane; DMF, dimethylformamide; TEMPO, 2,2,6,6-tetramethyl-1-piperidinyloxy, free
radical.
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Interestingly, a similar result could be obtained without copper salts (Table 1, entry 12).
Using other oxidants instead of Ag,O, we could not observe any radical adduct by TLC
or GC-MS (Table 1, entries 8-10). These findings proved that Ag,O was an effective
oxidant to produce the alkyl radicals in high yield. Cu(OAc), was totally unreactive under
the current conditions (Table 1, entries 11 and 12). This is remarkable because Cu(OAc),
has been proved to be an effective oxidant of alkyl trifluoroborates in other different
conditions.'® Attempts to run this reaction under an air or oxygen atmosphere resulted
in very low yield (Table 1, entries 14 and 15). Increasing or lowering the reaction
temperature was of no advantage to these reactions (for more details, see supplemental
information). Finally, we ran the model reaction at a 5.0 mmol scale using 1a as the starting
materials, and the isolated yield of the aim product was 86%, compared with 95% at
the 0.1 mmol scale and 93% at the 1.0 mmol scale, respectively (for more details, see
supplemental information).

Having defined an appropriate set of reaction conditions, we briefly investigated the
scope of alkyl trifluoroborates (Scheme 2). Notably, benzyl trifluoroborate (le) could
be easily oxidized to generate the benzyl radical, which was trapped by TEMPO. Primary
alkyl trifluoroborates bearing functional groups, such as ester (1j, 1k, and 11) and even
ketone (1i), were suitable substrates. In addition, alkyl trifluoroborates with heteroarene
moieties were compatible (Im and 1n). Note that the alkyl moiety with bromo- or
chloro-atoms (1c and 1d) remained intact under these conditions, demonstrating the
mild nature of the reaction condition. When we used branched alkyl trifluoroborates,
we obtained a moderate yield, which was not sensitive to steric hindrance (1g, 1h,
and 11). Furthermore, secondary alkyl-trifluoroborates (1o and 1p), and tertiary alkyl-
trifluoroborate (1q) were also viable substrates under the current conditions, and they
could be quantitatively oxidized to form the relevant radicals. After the process was
completed, silver mirror formed on the surface of the reactor, which was so difficult
to remove that we had to use nitric acid to get rid of the silver(0). We ran all of these
reactions at a 1.0 mmol scale under the standard reaction conditions with excellent
isolated yield, which are showed in the brackets.

Following these theoretical knowledge,”” we think that a single-electron transfer from
the copper-catalyst generates a transient radical and a low-valent copper species, which
can be oxidized by Ag,O to re-participate in the process (Scheme 3a). On the basis of
our experimental results, however, we put forward a more reasonable mechanism
(Scheme 3b). A single electron that is transferred from the oxidant Ag,O can generate alkyl
radical, and is accompanied by the formation of boron trifluoride. Then, TEMPO can trap
the alkyl radical to get the adduct.

Thus far, we have successfully applied this new radical formation strategy in a
boron-selective oxidative cross-coupling reaction!"* using arylboronic acids and alkyltri-
fluoroborates as the coupling partners (Scheme 4). The carbon-centered radical, generated
from the Ag,O-mediated oxidative process, undergoes the single-electron transmetalation
onto the aryl-Cu(II)X species, which was formed through transmetalation of the aryl boro-
nic acids to the copper catalyst, and then reductive elimination occurs from the reactive
intermediate ArCu(III)RX to produce the desired cross-coupling product. This strategy
provides us a new way to construct C-C bond. Primary and secondary alkyltrifluoroborates
can successfully participate in the current reaction. Fortunately, the bromine group, which
may not be compatible under the reaction conditions containing the organometallic
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Ag,0 (1.0 eq.)
TEMPO (1.0 eq.)
R-BF3;K > R-O

toluene/H,0
25 °C, 10 min

2x
©N\ cl
2a 95%3(93%) 2b 97%3(93%P) 2¢ 96%3(95%P)
O-n =N N
o0 o e
Br
2d 94%3(91%P) 2e 65%3(52%P) 2f 94%2(92%P)
if | I o,
)\/O.N Q'N Me/\(\/ N
o
29 97%3(94%P) 2h 94%3(92%P) 2i 97%3(97%P)
[o) Me
|
MEVOWO~N O)\/\/O"N Me’OWH\/o~N
' o
(o]
2j 95%3(93%P) 2k 98%3(95%P) 21 93%3(92%P)
0
O
S o‘N 1 N\/\/\O'N
(o)
2m 95%3(91%P) 2n 96%3(93%P)
Q. >y
O'N
20 96%3(90%>) 2p 92%3(90%P) 2q 94%3(92%")

[a] Yield of the isolated product under the reaction condition: RBF3K (0.1 mmol, 1.0
eq.), TEMPO (0.1 mmol, 1.0 eq.), Ag2O (0.1 mmol, 1.0 eq.); [b] Yield of the isolated
product under the reaction condition: RBF3;K (1.0 mmol, 1.0 eq.), TEMPO (1.0 mmol ,
1.0 eq.), Ag20 (1.0 mmol , 1.0 eq.);

Scheme 2. Oxidation of potassium alkyl trifluoroborates. Note: TEMPO, 2,2,6,6-tetramethylpiperidinooxy.

compounds, is also viable substrate with moderate yield. Under the same condition,
the benzylic alkyltrifluoroborate le can be oxidized to form its corresponding benzyl
radical, which has special structure and high reactivity, and then lead to relatively low
yield.

Encouraged by these preliminary results, we explored more meaningful application from
the synthetic point. Aryl isonitriles are another well-established radical acceptor, which
are isoelectronic with carbon monoxide, and they can undergo insertion reaction to
provide N-containing heterocycles that are important substrate present in many natural
products with different biological activities."*! In practice, using the model substrate
1f under this reaction condition with the addition of 2-isocyano-1,1’-biphenyl, we found
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A Culll) _ S BFaK /\
X : VOV ?
Qe N
R . |
O\R

cu(l)

R-BF5 ;T» [ R—BF3 ¢ ~ Re S
"R
[AQO] BF3

Scheme 3. (a) Proposed mechanism and (b) revised mechanism.

the phenanthridine 4f was formed in a moderate yield. The result obtained with Ag,0 is
depicted in Scheme 5. This is another strategy for the new C(spz)—C(sp3 ) bond formation,
which might be compatible with various functionalized groups. These results suggest the
need for elaboration and will be reported in due course.

Cu(OAc);, (0.1 equiv.)
Ag-,0 (2.0 equiv.)

(HO),B CH3ONa (1.0 equiv.) g
R BFK  + \@
OMe toluene, rt, 10 min OMe

1x (1.0 equiv.) (1.5 equiv.) 4x
e

Br O Me o Me

3d 86%? (85%)P 3e 40%2 (33%)°

|O
\o)\/\©\
M
o
3j 92%2 (90%)° 3p 60%2 (55%)°

Reaction conditions: RBF3K (0.2 mmol, 1.0 equiv.), 4-methoxylphenyl boronic acid
(0.3 mmol, 1.5 equiv.), Cu(OAc)2 (0.02 mmol, 0.1 equiv.), Ag20 (0.4 mmol, 2.0
equiv.), CH3ONa (0.2 mmol, 1.0 equiv.), toluene (2.0 mL), distilled water (40 pl),

room temperature, 10 min.

Scheme 4. Application in the copper-catalyzed boron-selective C(sp,)—C(sps) oxidative cross-coupling
reactions between arylboronic acids and alkyltrifluoroborates.
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Ag,0 (1.0 equiv.)

O O CH4ONa (1.0 equiv.)
ANBEK

N=C : toluene/H,O
25°C, 10 min

1f (1.0 equiv.) (1.0 equiv.) 4f 88%

Scheme 5. Application in the insertion reaction to construct the phenanthridine.

Conclusion

In summary, we discovered an Ag,0-oxidized method to form alkyl radicals using potass-
ium alkyl-trifluoroborates as the precursors. This reaction is interesting and potentially
advantageous. For the radical precursors, in comparison with other organometallic
reagents, organoboronic acid derivatives are more readily available, stable to air and moist-
ure, and compatible with many functional groups. Moreover, this new strategy features
excellent product selectivity, a short reaction time, mild reaction conditions, simple oper-
ation, and broad functional group tolerance. In comparison with conventional strategies,
the current reaction requires an additional step to obtain an organoboron reactant using
the corresponding halide as the starting materials. Nevertheless, taking into consideration
that many shelf-stable alkyl-organoboron derivatives are already available in the market,
this reaction should be of great use in facilitating small-molecule array synthesis. Although
the complete mechanism remains unclear, this silver(I) oxidized method can be used in
many different kinds of organic reactions, including radical addition or cyclization of func-
tionalized alkenes. Its application prospect in organic chemistry and functional material
chemistry is very broad and quite optimistic. Research in this area is ongoing in our lab.

Experimental
General

Unless otherwise noted, all reactions were performed in a flame-dried, sealed Schlenk reac-
tion tube under nitrogen atmosphere.

Analytical thin-layer chromatography was performed on glass plates coated with
0.25 mm 230-400 mesh silica gel containing a fluorescent indicator (Merck). Visualization
was accomplished by exposure to a UV lamp, and/or treatment with a solution of KMnO,
or a solution of phosphomolybdic acid followed by brief heating with a heating gun. Most
of the products in this article are compatible with standard silica gel chromatography. Col-
umn chromatography was performed on silica gel 60N (spherical and neutral, 140-325
mesh) using standard methods.

Structural analysis

NMR spectra were measured on a Bruker Avance-400 spectrometer and chemical shifts (§)
are reported in parts per million (ppm). '"H NMR spectra were recorded at 400 MHz in
NMR solvents (CDCl;, Acetone-ds, DMSO-dg) and referenced internally to corresponding
solvent resonance, and ">’C NMR spectra were recorded at 100 MHz and referenced to
corresponding solvent resonance, Carbons bearing boron substituents were generally not
observed due to quadrupolar relaxation. Coupling constants are reported in Hz with
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multiplicities denoted as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet),
and br (broad). Infrared spectra were collected on a Thermo Fisher Nicolet 6700 FI-IR
spectrometer using attenuated total reflectance method. Absorption maxima are reported
in wavenumbers (cm™). High resolution mass spectra (HRMS) were obtained on a Bruker
Apex IV FTMS spectrometer or an Agilent 6224 LC/MS TOF spectrometer.

Materials

Commercial reagents were purchased from J&K, Energy, Sigma-Aldrich, Alfa Aesar, Acros
Organics, Strem Chemicals, TCI and used as received unless otherwise stated. Solvents,
including hexane, THF, Et,0, toluene, were purified by distillation over sodium, and stored
under N,.

General procedure

In air, the potassium alkyltrifluoroborate (1.0 equiv.), Ag,O (1.0 equiv.), and TEMPO (1.0
equiv.) were sequentially weighed and added to a screw-capped Schenk tube containing
a magnetic stir bar. The vessel was evacuated and refilled with nitrogen for three times.
Toluene (10.0 mL mmol ™) and distilled water (200 uL mmol ') were added in turn under
N, atmosphere using syringes through a septum which was temporarily used to replace the
screw cap. The reaction mixture was then vigorously stirred at room temperature for the
indicated time. The resulting mixture was filtered through a pad of Celite®, and the filter
cake was washed with ethyl acetate (30 mL x 3). The combined filtrate was evaporated
under vacuum to dryness and the residue was purified by column chromatography to yield
the desired product.

Selected spectral data

2-(4-((2,2,6,6-tetramethylpiperidin-1-yl)oxy)butyl)isoindoline-1,3-dione (2n)

The general procedure was followed using (1) 0.1 mmol gram scale: 2-(4-(trifluoro-14-
boranyl)butyl)isoindoline-1,3-dione, potassium salt (1n) (30.9 mg, 0.1 mmol, 1.0 equiv.)
and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, 1.0 equiv.) as the starting materials,
alkyl-TEMPO 2n was obtained as colorless oil (34.4 mg, yield 96%).

(2) 1.0 mmol gram scale: 2-(4-(trifluoro-14-boranyl)butyl)isoindoline-1,3-dione, potass-
ium salt (In) (309.1 mg, 1.0 mmol, 1.0 equiv.) and 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO, 1.0 equiv.) as the starting materials, alkyl-TEMPO 2n was obtained as colorless
oil (333.1 mg, yield 93%).

IR (thin film): 3500, 3080, 2980, 2840, 1888, 1680, 1620, 1550, 1470, 1220, 1010, 900,
770 cm™'; 'H NMR (400 MHz, CDCl;) § 7.83 (m, 2H), 7.69 (m, 2H), 3.72 (m, 2H), 1.76
(m, 2H), 1.40 (m, 4H), 1.24 (m, 4H), 1.11 (s, 6H), 1.06 (s, 6H); ">*C NMR (100 MHz,
CDCl;) 6 168.5, 133.9, 132.1, 123.1, 75.9, 59.8, 39.6, 37.8, 32.8, 29.4, 26.2, 20.1, 16.9; HRMS
(ESI™): Calcd for C,;H3oN,O5 [M+H] 375.2279, found 375.2272.
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