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ABSTRACT: Herein, we reported a practical method to realize ipso-
nitration of boronic acids, their pinacol esters, and trifluoroborate salts
with alkali metal salt NaNO3 as a nitrating reagent. A FeIII/FeIV catalytic
cycle involving an unusual visible-light-induced β-homolysis pathway of
the N−O bond in a simple iron complex effectively provides a nitryl
radical as the key nitrating species. This protocol bears mild reaction
conditions, a broad scope (up to 99% yield), good functional group
compatibility, and convenient scale-up synthesis.
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■ INTRODUCTION
Nitroaromatic compounds play a vital role in synthetic organic
chemistry because of their easy transformation to amides,
azenes, amines, and heterocycles.1 They have been widely
employed in a variety of fields, such as pharmaceuticals,2

agriculture,2c,d materials,3 dyes,4 and explosives.1 As one of the
most extensively researched organic reactions, the build of
nitroaromatic compounds always depends on a well-known
process called the “mixed acid” approach in which nitronium
ions (NO2

+) as nitrating species are produced by combining
nitric acid with concentrated sulfuric.1,5 Although this process
is still utilized in industries, the downsides are clear. As a
typically notoriously polluting process, the superstoichiometric
usage of acids and the unavoidable generation of nitrogen
oxide (NOx) fumes and wasted acids result in poor functional
group tolerance as well as difficulty in separating the desired
products.6 To address these issues, new strategies were carried
out in the past few decades.7 Among them, ipso-nitration has
emerged as an efficient method as it effectively circumvents the
regioselectivity issue.8 Aryl boronic acids and their derivatives,
as easily synthesized and commercial chemicals, have been
widely used as starting materials to produce aromatic
compounds with diverse functional groups.1a,9 In past decades,
various approaches for the ipso-nitration of aryl boronic acids
have been reported.10 Some early year impressive methods go
through mechanisms based on the nitronium ion, while
overchemometric strong acids and high temperatures are
always necessary (Scheme 1a).10a−d Many pioneering works
were developed for achieving ipso-nitration of aryl boronic
acids in recent years with the nitryl radical generated from
superstoichiometric tert-butyl nitrite or Bi(NO3)3/NaNO2
with strong oxidants (Scheme 1b).10d−h Furthermore, novel

organic nitrating reagents have also been discovered, bringing
milder conditions for ipso-nitration as well as complex
processes for preparing them.10d,g Therefore, gentle, efficient,
and environmentally friendly protocols for accessing ipso-
nitration with the most low-cost nitrate NaNO3 remain to be
developed.

In the past decade, photocatalysis has been developed as an
environmentally friendly, sustainable, and unique process for
organic transformations.11 High-activity radicals generated by
photoactive complexes with earth-abundant metals play an
important role in a wide range of reactions under mild
conditions.12 Recently, an emerging mode of photoactivation
has taken the spotlight, based on an inner-sphere mode of
reactivity triggered by a population of ligand-to-metal charge-
transfer (LMCT) excited states. LMCT excitations tend to
promote homolysis of the metal−ligand bond, resulting in the
formation of the reduced metal complex and ligand-centered
radicals. Numerous simple complexes of earth-abundant
transition metals were reported to be able to perform this
distinctive photoinduced α-homolysis process by many other
distinguished groups13 including us.13i−l Very recently, our
group reported an enzyme-mimicking protocol on visible-light-
driven arene C−H nitration with stoichiometric ferric nitrates
as the nitrating reagent.14 Through an unusual β-homolysis of
a ferric nitrate complex, a nitryl radical is generated and proven
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to be the key nitrification species. In light of these
observations, we hypothesize that this pathway can be applied
in ipso-nitration reactions, bringing operational convenience
and environmental benefit. Meanwhile, the high activity of
borides may improve this system from a stoichiometric
protocol to a catalytic pathway. Herein, we successfully present
the iron-catalyzed approach for visible-light-induced ipso-
nitration of aryl borides with alkali metal salt NaNO3 as the
nitrating reagent (Scheme 1c). A broad scope of aryl boronic
acids, their pinacol esters, and trifluoroborate salts were
efficiently ipso-nitrated via catalytic β-homolysis under mild
conditions.

■ RESULTS AND DISCUSSION
We started our exploration with the model reaction using 4-
biphenylboronic acid (12a) in the presence of Fe(NO3)3·
9H2O (10 mol %) and NaNO3 (1.0 equiv) in MeCN under
irradiation of 395 nm LEDs at room temperature for 8 h
(Table 1, entry 1). Fortunately, 4-nitrobiphenyl (12b) was
detected by GC-MS with a large amount of starting materials

remaining. Investigation of additives revealed that acids were
able to boost the yield to varying extents (entries 2−6), and we
assume that the addition of acids can help neutralize the
resulting alkaline ferric complex and complete the catalytic
cycle. Among them, acids containing fluorine were found to be
effective (entries 4−6), and HBF4 appeared to be the best
choice (entry 5). This might be because the fluoride ions can
accelerate the exit process of boron. Then, different
illumination wavelengths were tried to promote the reaction
efficiency. We were pleased to find as the illumination
wavelength of the LEDs increased, the yield of 12b had a
steady-state growth (entries 7−10) and reached its highest
point of 90% at 455 nm (entry 10). Switching the visible light
source from 455 nm to CFL (compact fluorescent lamp) or
sunlight resulted in lower yields (entries 11, 12). Later, the
effect of solvents was also investigated, and other solvents, such
as acetone, DCM, THF, and DMSO afforded lower yields of
12b than MeCN (entries 13−16). Variations in atmospheres
exhibited no positive effects (entries 17, 18). Control
experiments indicated that the reaction did not occur without
iron as the catalyst or visible light as an energy source (entries
19, 20).

With the optimized reaction conditions in hand, various
arylboronic acids were first subjected to examination of the
generality of our protocol. As depicted in Scheme 2, a broad
range of electron-rich arylboronic acids performed well,
affording the corresponding nitroaromatics in moderate to
excellent yields (1b−34b). Different alkyl (2b−7b) and ether-
substituted (14b, 15b) arylboronic acids were all suitable
substrates and could deliver corresponding ipso-nitration
products in good to excellent yields. As vital synthons, halogen
substituents (8b−10b), as well as bromomethyl (11b),

Scheme 1. Approaches for ipso-Nitration of Aryl Boronic
Acids

Table 1. Optimization of the Reaction Conditionsa

entry additive solvent light yield [%]b

1 MeCN 395 nm trace
2c HNO3 MeCN 395 nm 6
3 TFA MeCN 395 nm 12
4 HF MeCN 395 nm 17
5 HBF4 MeCN 395 nm 50
6 HPF6 MeCN 395 nm 28
7 HBF4 MeCN 365 nm trace
8 HBF4 MeCN 405 nm 59
9 HBF4 MeCN 427 nm 68
10 HBF4 MeCN 455 nm 90 (88d)
11 HBF4 MeCN CFL 30
12 HBF4 MeCN sunlight 35
13 HBF4 acetone 455 nm 22
14 HBF4 DCM 455 nm N.R.
15 HBF4 THF 455 nm trace
16 HBF4 DMSO 455 nm N.R.
17e HBF4 MeCN 455 nm 54
18f HBF4 MeCN 455 nm 65
19g HBF4 MeCN 455 nm N.R.
20 HBF4 MeCN N.R.

aReaction conditions: 12a, 0.2 mmol, Fe(NO3)3·9H2O 10 mol %,
NaNO3 1.0 equiv, additive 1.5 equiv, solvent 2 mL, 30 W LED, N2, rt,
8 h. b1H NMR yield. c0.5 equiv of HNO3 and NaNO3 was added.
dIsolated yields. eUnder O2.

fUnder air. gNo Fe(NO3)3·9H2O.
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performed well and gave the corresponding ipso-nitration
products in good yields, leaving ample room for further cross-
couplings. Active groups, including hydroxyl (13b) and
trimethylsilyl (17b), also remained untouched, offering a
good chance for further derivatization. As a vital core structure
in electroactive and photoactive materials,15 triarylamine was
involved in the substrate (16b), and the reaction performed
well. Aniline derivatives (20b) also supplied the desired
product in a good yield, providing the potential for late-stage
functionalization of natural products. Boronic acids with
naphthalene, benzoimidazole, and benzodioxole rings were
employed next, and the corresponding products were achieved
in satisfactory yields (24b−26b). Arylboronic acids with ortho
and meta substituents were also viable substrates, affording
exclusively mononitrated arenes in medium to good yields
(18b−23b). Disubstituted arylboronic acids also supplied the

ipso-nitration product in satisfactory yields (27b−35b). Ortho-
disubstituted arylboronic acid gave a relatively low yield,
probably due to the steric effects. Notably, after proper
adjustments of the reaction conditions, we were gratified to
find that a variety of electron-deficient substituents also
participated in the reaction well. Substrates with trifluor-
omethyl (36b, 39b), nitro (37b, 38b), ester (40b),
ketocarbonyl (41b, 47b), sulfonyl (42b), cyano (43b),
carboxyl (44b), and arylboronic acid (45b) were all readily
converted to the corresponding ipso-nitration products
efficiently. The substituent position showed little effect on
the reaction with the corresponding products, both obtained in
excellent yields (36b and 39b; 37b and 38b). Furthermore,
mono- or dinitration could be conveniently modulated for 1,4-
phenylenediboronic acid by the usage of different equivalences
of sodium nitrate and acid (45b and 46b), offering a good

Scheme 2. Substrate Scope for the Visible-Light-Induced ipso-Nitration of Aryl Boronic Acidsa,b

aReaction conditions: Aryl boronic acid a, 0.2 mmol, Fe(NO3)3·9H2O 10 mol %, NaNO3 1.0 equiv, HBF4 1.5 equiv, MeCN 2 mL, 30 W 455 nm
LED, N2, rt, 8 h. bIsolated yield. c1.5 equiv of HPF6 was used instead of HBF4.

d1.5 equiv of NaNO3 and 3.0 equiv of HBF4 were added. eThree
equiv of NaNO3 and 6.0 equiv of HBF4 were added.
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Scheme 3. Substrate Scope for the Visible-Light-Induced ipso-Nitration of Other Aryl Boridesa,b

aReaction conditions: Aryl borides a, 0.2 mmol, Fe(NO3)3·9H2O 10 mol %, NaNO3 1.0 equiv, HBF4 1.5 equiv, MeCN 2 mL, 30 W blue LED, N2,
rt, 16 h. b1H NMR yield, 1, 3, 5-trimethoxybenzene as the internal standard. c1.5 equiv of HPF6 was used instead of HBF4.

d1.5 equiv of NaNO3
and 3.0 equiv of HBF4 was added.

Scheme 4. Mechanistic Studies
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chance for further cross-couplings. A dielectron-withdrawing-
group substituted for aryl boronic acid offered the desired
product in a moderate yield (35b). To further illustrate the
practicability of this method, a gram-scale reaction was
performed, producing 2.10 g of 45b in 84% yield without
the obvious loss of efficiency (see details in the SI, part IV). In
addition, we were pleased to find that a wide range of
heteroarylboronic acids were also suitable substrates. Various
nitrated heteroaryl rings such as thianaphthene (48b),
benzofuran (49b), quinoline (50b), pyridines (51b−54b),
and pyrimidines (55b, 56b) were obtained in medium to good
yields through this method.

Expanding the applicable scope to late-stage photonitration
of biorelevant compounds will greatly enhance the application
value of our strategy in functional molecule modification. For
this purpose, substrates with types of biogenic complex
molecules were tried, and the corresponding products from
olefin (57b), terpene (58b), carbohydrate (59b), and fatty
acid (60b) were all achieved in gratifying yields, further
demonstrating the good active group tolerance, certain
biocompatibility, and great potential in the postmodification
of complex molecules for this protocol.

Furthermore, we investigated the utilization of our protocol
with different aryl boride substrates (Scheme 3). It was
demonstrated that boronic acid pinacol ester and trifluor-
oborate salt substrates were both effective candidates in the
reaction, although the reaction efficiency was slightly lower
than that for the corresponding boronic acids (1b, 2b, 10b,
12b, 13b, 15b, 17b, 33b, 34b, 39b, 40b, 43b, 48b, 52b, 54b,
and 57b). After prolonging the reaction time, the nitration
yields for boronic acid pinacol esters could almost reach the
ones for boronic acids. By contrast, only moderate to good
results were obtained for trifluoroborate salts due to their poor
solubility in acetonitrile. Both electron-rich and electron-
deficient boronic acid pinacol ester and trifluoroborate salt
substrates can produce corresponding desired nitro arene
product smoothly, and active groups including halogen (10b,
33b, 34b), hydroxyl (13b) and trimethylsilyl (17b) still

remained untouched, providing a good chance for further
derivatizations. Disubstituted aryl borides (33b, 34b) and aryl
borides containing biogenic skeletons (57b) are all suitable
substrates, providing good chances for further utilization in
late-stage functionalization. Heteroarylboronic acid pinacol
ester and trifluoroborate salt substrates can also be converted
to the corresponding ipso-nitration products efficiently (48b,
52b, 54b).

To probe in detail the reaction mechanism, several trapping
experiments were conducted first. When stoichiometric 2,2,6,6-
tetramethylpiperidinooxy (TEMPO), 2,6-di-tert-butyl-4-meth-
ylphenol (BHT), and 1,1-diphenyl-ethylene were respectively
added to the reaction system, the yields of 12b were slashed
dramatically, which suggested that a radical process should be
involved (Scheme 4a). In addition, stoichiometric OH radical
scavengers (NaNO2 and isopropanol) were, respectively,
added to the reaction system. The outcomes showed the
yields of 12b reduced slightly, suggesting that the OH radical
might make a little contribution to this system (Scheme 4a).
Furthermore, electron spin resonance (ESR) experiments were
performed to distinguish the radical category. The ESR
spectrum of a mixture of Fe(OTf)3, HBF4, and NaNO3 in
MeCN with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a
radical spin trap under dark conditions showed no signal of a
trapped radical. After irradiation for 90 s, an obvious quartet
signal (g = 2.0082, AN = 14.8 G, AH = 14.9 G) was observed,
indicating the appearance of a nitryl radical16 (Scheme 4b). To
further determine the valence state change of iron after the
generation of a nitryl radical, X-ray photoelectron spectroscopy
(XPS) detection was carried out. As shown in Scheme 4c, the
peaks located at 711.30 and 713.10 eV in the Fe 2p3/2 XPS
spectra of the iron residue were respectively attributed to FeIII

and FeIV according to the reported literature,17 indicating that
the system undergoes an FeIII−FeIV pathway instead of the
FeIII−FeII pathway in the traditional LMCT system. The
competition reaction of 12a and 34a showed the reactivity of
the reaction was affected by electronic effects (see details in the
SI, part III, iv). Similar outcomes were also acquired when

Scheme 5. Proposed Mechanism
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analyzing the substrate scope. A light-on−off experiment was
carried out next, revealing that continuous light irradiation was
crucial for this transformation (Scheme 4d).

Based on the above results and our reported literature,14 a
plausible reaction mechanism for the present visible-light-
induced iron-catalyzed ipso-nitration of aryl borides was
proposed in Scheme 5. Initially, photoactive complex I
composed of a ferric ion center and several nitrate/acetonitrile
ligands was stimulated to reach excited state I* under light
irradiation. A spontaneous β-N−O homolysis released desired
nitryl radical III and FeIV�O complex II. A subsequent
electrophilic addition between electron-deficient radical III
and aryl boronic acid a resulted in cyclic radical IV. Later, with
the stabilization of the tetrafluoroborate ion, a SET occurred
between intermediate V and FeIV�O complex II, generating
cation intermediate VII and protonated iron complex VI. The
subsequent deboronation of intermediate VII produced the
desired product. Finally, an in situ neutralization and ligand
exchange of complex VI regenerated photoactive complex I.

■ CONCLUSION
In summary, we have developed an effective system for visible-
light-driven iron-catalyzed aryl boride ipso-nitration under mild
conditions. The reaction shows high efficiency, broad scope,
good functional group tolerance, a cheap and safe nitration
reagent, and some potential in complex molecule modification
and late-stage functionalization. The reaction could be easily
scaled up and controlled by different equivalences of nitrates.
Moreover, it is expected that the present nitryl radical
generation via photocatalytic β-homolysis will help inspire
chemists to uncover other novel strategies for nitration
chemistry.
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