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ABSTRACT: A photoinduced iron-catalyzed ipso-nitration of aryl halides with
KNO, has been developed, in which aryl iodides, bromides, and some of aryl
chlorides are feasible. The mechanism investigations show that the in situ
formed iron complex by FeSO,, KNO,, and 1,10-phenanthroline acts as the
light-harvesting photocatalyst with a longer lifetime of the excited state, and the
reaction undergoes a photoinduced single-electron transfer (SET) process. This
work represents an example for the photoinduced iron-catalyzed Ullmann-type ‘ }e ) > @
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B INTRODUCTION

Aromatic nitro compounds and their derivatives are prevalent
synthons in pharmaceuticals, pesticides, functional materials,
and diverse intermediates in organic synthesis.' Most studies
on the synthesis of aromatic nitro compounds have focused on
electrophilic nitration of arenes, leading to low region
selectivity and overnitration.” To resolve this issue, ipso-
nitration of aryl bromides and iodides was performed to
produce these compounds via copper-catalyzed Ullmann-type
couplings (Scheme 1A).” In recent years, the ipso-nitration of
aryl chlorides has been achieved under palladium-catalyzed
conditions by Buchwald and Fors (Scheme 1A).* Compared
with expensive transition-metal catalysis, iron-catalyzed cou-
pling reactions are obviously cost-effective. However, iron-
catalyzed ipso-nitration of aryl halides has not been reported
thus far.

In the aforementioned copper- or palladium-catalyzed ipso-
nitration of aryl halides, the mechanisms were proposed via an
oxidative addition/reductive elimination process (two-electron
transfer).”* Indeed, iron complexes can engage in two-electron
transfer procedures.” However, single-electron transfer (SET)
is competitive and preferred in some situations.” Furthermore,
the formal valence states of iron range from —II to +VI, and
the limited stability of (organo)iron complexes with low or
high oxidation states may lead to complex reactivity profiles.”
Therefore, the iron-catalyzed ipso-nitration of aryl halides
could not be taken for granted, and mechanistic investigations
into iron catalysis are complicated.
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In recent years, photopromoted Ullmann- and Buchwald-
type coupling reactions of aryl halides with various nucleophile
agents (such as heteroaromatic nitrogen nucleophiles, amines,
thiols, and phenols) have received significant attention
(Scheme 2).° Furthermore, copper and nickel catalysts are
always employed as photoredox catalysts in the reactions.
However, until now, using iron complexes as photoredox
catalysts for organic transformation has been rare.” Very
recently, photopromoted iron-catalyzed Kumada coupling of
aryl halides with aliphatic Grignard reagents has been
developed by Noél and Alcazar (Scheme 3)°* in the presence
of the Grignard reagent as a strong electron donor (E,, = 0.4 V
vs Mg RE.)," and a two-electron transfer mechanism is
proposed. However, without strong electron donors as
substrates (for example, potassium nitrite as the substrate in
this work; E_, = 2.031 V vs saturated calomel electrode (SCE),
Figure S1), it can be questioned whether the photopromoted
coupling of aryl halides with nitrites could be realized and
which mechanism (SET vs two-electron transfer) could be
preferred? Furthermore, the application of iron as an earth-
abundant metal in photocatalysis is highly desirable, but it is
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Scheme 1. ipso-Nitration of Aryl Halides
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usually hindered by a particularly short lifetime due to low-
lying iron-centered electronic states.'' Whether do the
photoexcitable iron complex in this reaction has enough
lifetime of excited state to promote this transformation? In this
research, the photoinduced iron-catalyzed ipso-nitration of aryl
halides is achieved (Scheme 1B), employing KNO, as the
nitration reagent. This method tolerates not only aryl iodides/
bromides but also some aryl chlorides. Moreover, a photo-
excited iron complex of FeSO, with KNO, and 1,10-
phenanthroline (Phen) is proposed as a key intermediate
with a longer lifetime. Additionally, it is found that a SET
process from this iron(II) complex to aryl halide is preferred
under photopromoted conditions. Following this strategy,
various aromatic nitro compounds including three pharma-
ceutical molecules are smoothly prepared from aryl halides and
KNO,.

B RESULTS AND DISCUSSION

At the initia]l stage of the investigations, we treated model
substrates of 1-iodo-4-methoxybenzene (1y) and KNO, with
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Phen (40 mol %) and FeSO, (20 mol %) under irradiation at
254 nm and a nitrogen atmosphere for 48 h at room
temperature (~25 °C). To maintain a constant temperature of
the quartz reaction tube, a thermostat with a cooling system
was employed (Figure S2). Surprisingly, 1-methoxy-4-nitro-
benzene (2y) was obtained in 73% yield (Table 1, entry 1).

Table 1. Optimization of Reaction Conditions”

| NO,
e or
H,CO HaCO

catalyst, ligand
light source

solvent, atmosphere

1y 2y

energy yield
entry source catalyst ligand solvent (%)
1 254 nm FeSO, Phen DMSO 73
2 365 nm FeSO, Phen DMSO trace
3° Xe lamp FeSO, Phen DMSO trace
4 blue LED FeSO, Phen DMSO 0
S green LED  FeSO, Phen DMSO 0
6 dark FeSO, Phen DMSO 0
7 130 °C FeSO, Phen DMSO trace
8 254 nm FeS Phen DMSO S1
9 254 nm FeCly Phen DMSO 31
10 254 nm Ferrocene  Phen DMSO 49
11 254 nm Fe;0, Phen DMSO trace
12 254 nm Phen DMSO 9
13 254 nm FeSO, 2,2'-bipyridine  DMSO 68
14 254 nm FeSO, Phen DMEF trace
15 254 nm FeSO, Phen DMSO 57
16° 254 nm FeSO, Phen DMSO 37
17 254 nm FeSO, Phen DMSO 20
18% 254 nm FeSO, Phen DMSO 27

“Reaction conditions: 1y (0.3 mmol), nitrite salt (0.9 mmol), catalyst
(0.06 mmol), ligand (0.12 mmol), anhydrous solvent (1.0 mL),
stirred for 48 h at room temperature under N, and irradiation from
light source. “Yield of the isolated compound. “Xe lamp = xenon lamp
(400—700 nm). “NaNO, as a nitration reagent. “n-Bu,NNO, as a
nitration reagent. ’Under an oxygen atmosphere. In air.
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Scheme 4. Scope of Halides*"*
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“Conditions for aryl iodines: aryl iodine (0.3 mmol), KNO, (0.9 mmol), FeSO, (0.06 mmol), Phen (0.12 mmol), anhydrous DMSO (1.0 mL),
stirred for 48 h at room temperature under N, and irradiation at 254 nm. bConditions for aryl bromides or chlorides: aryl bromide or chloride (0.3
mmol), KNO, (0.9 mmol), FeSO, (0.06 mmol), Phen (0.12 mmol), KI (0.06 mmol), anhydrous DMSO (1.0 mL), stirred for 48 h at room
temperature under N, and irradiation at 254 nm. “Yield of the isolated compound.

According to the UV—vis absorption spectra of the substrates, based catalysts examined (see entry 1 and entries 8—11), only
Phen, FeSO,, and their mixtures (Figure S3), several a small amount of 2y was isolated without the addition of iron
irradiation sources were screened, and the model reaction catalysts (entry 12). Among the screened ligands (entry 1 vs
obtained higher yield by irradiating UV light at 254 nm entry 13 vs Table S2), Phen was the most efficient for this
(compare entry 1 with entries 2—5 in Table 1). No reaction transformation. After evaluating various solvents, we found that
occurred under dark conditions (entry 6). Furthermore, the dimethyl sulfoxide (DMSO) was the best choice (entry 1 vs
reaction did not work when the reaction system was heated entry 14 vs Table S3), probably due to the good solubility for
(130 °C) for 48 h without irradiation of light (entry 7). Some the substrates. Additionally, two other nitrite salts were also
photosensitizers were also tested to promote the model tested (entries 15—16), and KNO, was more efficient in
reaction under visible light irradiation, and only low yields of generating the desired product 2y because of better solubility
2y were obtained (Table S1). Moreover, the influence of iron and stability. Meanwhile, several unidentified products were
catalysts, ligands, solvents, and reaction atmospheres was also formed when n-Bu,NNO, was used as the nitration reagent
investigated. FeSO, showed higher efficiency than other iron- (entry 16). Besides, switching the atmosphere from N, to O,
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or open-air led to a pronounced yield decrease (entries 17—
18), showing that the existence of O, was unfavorable for this
reaction. In two comparison experiments, the iron-catalyzed
ipso-nitration was not achieved efficiently under previous
thermal conditions in Buchwald’s and Kantam’s works,3b’4a
replacing the catalysts of Pd,(dba); and Cu(OSO,CF;), with
FeSO, (Table S4).

With the as-optimized reaction conditions (Table 1, entry
1), the scope of ipso-nitration of aryl iodines was investigated.
As exemplified in Scheme 4, all of the investigated aryl iodines
provided the corresponding nitration products in moderate to
good yields (39—94%). Electron-withdrawing groups (fluoro,
nitro, cyano, formyl, acetyl, ester, and amido groups) and
electron-donating groups (alkyl, hydroxyl, phenoxy, and
methoxy groups) at ortho-, meta-, and para-positions of aryl
iodines were well tolerated. Furthermore, the substrates with
electron-withdrawing substituents on the phenyl group
afforded slightly higher yields than those with electron-
donating substituents (2a—k vs 2r—y). Besides, heteroaromatic
iodides could also be transformed into the corresponding
nitration products 2e’—2g’. Finally, three drug molecules (2h’,
2i’, and 3) were also obtained by using our method."”

To further explore the scope of substrates, aryl bromides and
chlorides were employed as the substrates to perform the ipso-
nitration with KNO, (Scheme 4). Moderate to good yields of
nitration products were obtained in the presence of catalytic
amount of KI (Table SS). Moreover, the aryl halides with
electron-withdrawing substituents on the phenyl group showed
higher reactivity (2a, 2c, 2e, 2h, and 2j). Finally, a gram-scale
experiment was carried out under similar light-assisted and
iron(II)-catalyzed conditions, and the product (2e) was
obtained in 85% yield (Scheme $).

Scheme 5. A Gram-Scale Study

I FeSO,4 (20 mol%)
+ KNO,
NC

Phen (40 mol%)
27.0 mmol

NC

2e, 85%

DMSO (15.0 mL)
254 nm, N,
1e, 9.0 mmol

To gain insight into the mechanism of the iron-catalyzed
ipso-nitration, a radical trapping experiment with 1h as the

substrate and 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) as
the radical trapper was conducted under the standard
conditions (Scheme 6A). Only a trace amount of product 2h
was obtained, and the radical adduct with TEMPO was
detected by electrospray ionization-high-resolution mass
spectrometry (ESI-HRMS) (Figure S4). Moreover, the radical
experiment using 1,1-diphenylethylene as the radical scavenger
was also performed; the transformation was also suppressed
sufficiently (Scheme 6B; Figure SS). These results indicated
that a radical intermediate was involved. Furthermore, a
competition experiment between 1-bromonaphthalene and 4-
chlorobenzonitrile was carried out, and the ratio of products
was 4.5:1 under our conditions for the photoinduced ipso-
nitration of aryl halides (Scheme 7; see Section 9 in the

Scheme 7. Competition Experiment

: al NO,
NC NC
FeSO, (20 mol%)
1e,0.3 gmol + KNO, Phen (40 mol%) 2e, 5;(;&
r
1.8 mmol DMSO (1.0 mL) 2
254 nm, Ny, 48 h OO
1m, 0.3 mmol 2m, 12 %

Supporting Information for details). The results implied that a
SET mechanism was favored,*"* as opposed to classical
oxidative addition in iron-catalyzed Ullmann couplings."* The
apparent quantum vyield of the model reaction of 1i was
measured to be 11.4% (see Section 10 in the Supporting
Information for details), implying that continuous irradiation
was essential for this transformation, which was consistent with
the result of the ON/OFF experiment (Figure 1a, see Section
11 in the Supporting Information for details). In this way, a
radical-chain process was unlikely to be a predominant
pathway.

The lifetime of the excited singlet state (FeSO,/KNO,/
Phen) was determined by time-resolved fluorescence spectros-
copy (2.95 ns). Without a ligand of Phen, the single iron salt
shown in Figure 1b had no fluorescence, and no lifetime decay
was detected. Iron complexes are well known for their very
short (picosecond) excited-state lifetime."! However, under
the combined effect of the nitro group and Phen, the iron

Scheme 6. Radical Trapping Experiments

O O
Q FeSO4 (20 mol%)
Phen (40 mol% CH
(A) ©fJ\CH3 + KNO, en (40 mol%) @f‘\Cm + 3
| DMSO (1.0 mL) NO, Q
254 nm, N, 48 h 2h. trace H,C N CH,4
1h, 0.3 mmol 0.9 mmol TEMPO (2.0 equiv) H,C CHgy
A-1
detected by ESI-HRMS
Q FeSO, (20 mol%) 0 0
Phen (40 mol%
(B) ©f‘\CH3 +KNO, ( ) @f‘\mﬁ . O CHj3
DMSO (1.0 mL)
I 254 nm, Ny, 48 h NO \
1,1-diphenylethylene 2h, trace
1h, 0.3 mmol 0.9 mmol (2.0 equiv)
A-2
detected by ESI-HRMS
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Figure 1. (a) ON/OFF experiment. (b) Decay of each component at
400 nm monitored by laser flash photolysis.

complex’s excited-state lifetime was obviously prolonged to
promote the reaction. In addition, the time-resolved
fluorescence spectra of FeSO,/KNO, and FeSO,/Phen were
also tested (Figure S7), and the lifetime extension of iron
complex’s excited-state was mainly due to the interaction of the
Phen ligand with FeSO,.

To further explore the mechanism, hybrid functional B3LYP
was applied to optimize the geometries of PhenFe(1I)(NO,),
(A) and PhenFe(III)(NO,),I (B) (see Section 13 in the
Supporting Information for details). Both geometries were
confirmed to be at the local minimum on the potential surface
by vibrational analysis. The time-dependent density functional
theory (TD-DFT) method was used to calculate the excited
state of A. The solvent effect (DMSO) was considered with the
polarizable continuum model. As shown in Figure 2, the
electron of PhenFe(II)(NO,), (A) jumped from the ground
state to its excited state A* under irradiation of UV light, and
the calculated energy level difference (261 nm; A to A¥*)
matched with the experimental data (254 nm in Table 1).
Furthermore, the electron’s jump in Figure 2a accounted for a
contribution of 64 and 30% in Figure 2b. In this case, the
electron was transferred from the z-bonding orbital of the
Phen ligand to the #*-antibonding orbital and the 3d orbital of
Fe. Moreover, this electron transfer made the excited state A*
more stable, and the fluorescence lifetime of A* (2.95 ns in
Figure 1b) was prolonged in comparison with a single FeSO,.
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Figure 2. Calculated electronic transition orbitals of PhenFe(II)-
(NO,), from the ground state to the excited state using natural
transition orbitals (NTO) analysis. (a) Dominant NTO pair. (b)
Secondary NTO pair. Both cases are of electron transition from the z-
bonding orbital to the z*-antibonding orbital of the phenanthroline
ligand.

Additionally, aryl halides obtained electrons from A* to form
the iron complex B and aryl radicals; the optimal structure of B
is described in Figure 3 by DFT calculation, and no other
structure with higher valence states, such as PhenFe(IV)-
(NO,),1,, was formed based on the calculations.

Figure 3. Optimized structure of B by DFT calculation.

The redox potential of the 1:2:1 mixture of FeSO,/KNO,/
Phen was measured and calculated to be E, 4 (B/A*) = —3.59
V vs SCE (see Section 14 in the Supporting Information for
details), which was lower than E,4 (11) = —2.24 V vs SCE."*
These results showed that the complex of FeSO,/KNO,/Phen
could provide a single electron to the iodobenzene 11 under
photopromoted conditions. Furthermore, the fluorescence at
455 nm (emission maximum) emitted by FeSO,/KNO,/Phen
was monitored when the reaction was excited by UV light
(Figure S9), and the fluorescence intensity gradually decreased
with the titration of 1i (Figure 4a,b, see Section 15 in the
Supporting Information for details). This implied a single-
electron transfer between 1i and the complex of FeSO,/
KNO,/Phen. However, both the iron complex (electron
donor) and substrate 1i (electron acceptor; Figure S12) had
close emission maximums (455 vs 469 nm) as well as broad
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Figure 4. (a) Fluorescence quenching of FeSO,/KNO,/Phen with
different concentrations of 1i as a quencher. (b) Stern—Volmer plot
of FeSO,/KNO,/Phen at different concentrations of 1i.

full widths at halfmaximum (102 vs 103 nm), showing a
significant spectral overlapping in their emission. Due to a
concomitant radiative energy transfer between the excited iron
complex and substrate 1i, the spectral enhancement of 1i partly
weakened the fluorescence quenching effect of FeSO,/KNO,/
Phen.

Based on the control experiments mentioned above, TD-
DFT calculations, and previous reports,g’15 a photoinduced
iron-catalyzed SET mechanism was proposed (Scheme 8).
Initially, iron(II) sulfate could form the iron(II) nitrate
complex A in the presence of KNO, and Phen. Concurrently,
the complex A reaches its excited state A* under the
photoinduced conditions. Next, a single-electron transfer
from A* to aryl iodide takes place, generating the iron(III)
complex B and an aryl radical. Then, the aryl radical reacts
with B to produce the target compound 2 and the iron(II)
complex C. Finally, an anionic exchange of an iodide ion and a
nitrite ion occurs and closes the photoinduced catalytic cycle.

B CONCLUSIONS

We have developed a photoinduced iron-catalyzed ipso-
nitration of aryl halides via direct photoexcitation of iron(II)
nitrate complexes without requiring an extra photoredox
catalyst. By irradiating a solution containing an aryl halide,
KNO,, a catalytic amount of FeSO,, and a Phen ligand with
UV light irradiation at 254 nm, various aromatic nitro
compounds including three pharmaceutical molecules are
produced in this simple process. The utilization of previous
iron complexes as photoredox catalysts is generally hampered
because of the short lifetime of the excited state. However,
under the combined effect of the nitro group and Phen, the
iron complex’s excited-state lifetime was obviously prolonged
in this work. Furthermore, mechanistic investigations into iron
catalysis are relatively difficult due to multiple valence states of
iron catalysts and the competition of different mechanisms.
The merits of this approach are illustrated by the novel iron-
catalyzed ipso-nitration and the elucidation of the SET
mechanism under photoinduced conditions. Moreover, the
electron transfer from KNO,, which is a weak electron donor,
could also proceed smoothly through the formation of a
photoexcited complex of FeSO,/KNO,/Phen. This work
represents the first example for the photoinduced iron-
catalyzed Ullmann-type couplings.
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