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Abstract

Aromatic functionalization mediated or catalyzed by iodine(lll) reagents represents an important approach in
contemporary organic synthesis. This review provides a systematic analysis of methodologies for the
introduction of chlorine, bromine, iodine, and nitro groups into aromatic compounds using aluminum or
ammonium salts as halogen sources in combination with hypervalent iodine(lll) reagents. The role of these salts
in the presence of iodine(lll) species is discussed, highlighting their contribution to efficient and selective
aromatic functionalization. Reported mechanistic studies, including theoretical DFT calculations, are reviewed,
offering insight into plausible reaction pathways for iodine(lll)-mediated chlorination and bromination
processes. In addition, recent advances in the catalytic introduction of nitro groups under mild, non-acidic
conditions are summarized. Overall, this review emphasizes the utility of hypervalent iodine(lll) compounds as
practical and more sustainable alternatives to conventional aromatic functionalization methods.
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1. Introduction

Over the science history, organic chemistry has played a key role in the discovery of novel drugs that contribute
to the quality life’s improvement, mainly for attending public health diseases such as drug resistance, **
cancer,>® diabetes,’®!! Parkinson, pain, inflammation %1% or mycoses '® among some of the most
representatives; through the development of new synthetic methodologies. These new procedures, involve the
use of metal-catalyzed 722 as well as metal-free 23-32 strategies. Concerning metal-free protocols, the use of
iodine(lll) reagents have been used among others, for introducing halogens in aromatic systems.33-38 These
oxidative functionalization commonly required the use of a halide salt, usually having Na*, K* or NH4* as cations,
that after their interaction with iodine(lll) reagents generates a halide synthon for an electrophilic aromatic
substitution SEAr. Herein, we review the full account developed in our laboratories which involve a new strategy
that uses aluminum salts and led to the chlorination, bromination and catalytic nitration of phenols, anilines
and different heterocycles, under open flask, green, efficient and mild reaction conditions.

2. Scope of the review

This account is focused to briefly describe the discovery and development of the unique and efficient synergic
combination of different iodine(lll) reagents and aluminum salts, which transfer the halogen or anion present
as a cationic synthons, to different aromatic rings, giving as result, the corresponding electrophilic substitution.
This concept was applied to the stoichiometric chlorination, bromination and to the catalytic nitration of phenols
and anilines mainly. Fo the case of the iodination reaction, ammonium iodide was used instead of the aluminum
one.

3. Oxidative Chlorination: The PIFA-AICI; system

Chlorinated compounds, commonly found in various chemical fields, are prevalent in natural products,3*
agrochemicals,* synthetic intermediates,* and materials science.*® Particularly, chlorophenols are a highly
relevant group due to their industrial and pharmacological use (Figure 1).
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Figure 1. Relevance of the chlorophenolic core.

Regarding protocols for introducing the chlorine atom in aromatic systems, plenty of strategies have been
described. While chlorine gas is typically used for their synthesis in industry, despite its associated hazards,*-*°
academic research often utilizes alternatives such as N-chlorosuccinimide in different solvents (e.g., DMF,*°
CCla,”* HCI/H,0?), usually activated by Lewis bases,”® Brgnsted acids,> Lewis acids (both metallic and non-
metallic)>>®! or oxidants.®?®3 To achieve milder reaction conditions, reagents like TCICA, DCDMH, and
TMPH/S0,Cl,,54® as well as heterogeneous catalysts such as zeolites®”-%® and nanocrystalline ceria® have been
employed. More recently, new methods utilizing Palau’Chlor®’® and strong oxidants such as ‘BuOCI,”!
chloramine B,”?> NaOCls/HCI/AcOH,”® or vanadium-based systems’4’> have been developed. Additionally,
photocatalytic approaches using flavin hydrochloride’® and reactions mediated by chloramines or Ru'
complexes’’ have been also investigated. Finally, chlorination with hypervalent iodine(lll) reagents have been
described by the use of Wilgerodt Reagent (PhICl2).”® Other protocols combine Koser’s reagent, PIDA or PIFA
with chloride salts, usually having Na*, K*, or NH4* as ionic pair.”>®2 Also, isolable iodine(lll)-based reagents
containing the I"'-Cl bond was followed by the Zupan and Zhdankin®-2* work and later developed by Karade®
and Xue,® represents another much less toxic, green and easy to handle alternative (Scheme 1).
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Scheme 1. Representative procedures for the aromatic chlorination.

Within this context, we described our development on the oxidative aromatic halogenation using aluminum
salts and commercially available iodine(lll) reagents, which were serendipitously discovered.

Oxidative aromatic dimerization mediated by iodine(lll) reagents has been described under PIFA-BFs (1:1)
conditions.?” In 2017, during our studies focused on the nitrogen-based total synthesis of naturally occurring
compounds*’ including ningalins,> we needed to use the aforementioned protocol for the 2-naphthol
dimerization. Unfortunately, in such period and due to the low financial support of the Mexican government to
the science, we didn’t have BF3-Et,0 in our chemical stock. Then, we decided to use aluminum trichloride
instead. The analysis of the obtained product revealed the chlorine atom introduction in the starting material.
Thus, we realized that the only source of chlorine atoms was the aluminum salt which was introduced in an
umpolung fashion at the C1 of 2-naphthtol to get 1in 60% yield. This serendipitous discovery started the synergic

combination of iodine(lll) reagents with aluminum salts?? (Eq. 1).

Cl :

PIFA (1.2 equiv),

OH  AICI; (2.4 equiv)
DCM, 23 °C

1,60%

Regarding this new reactivity found, we hypothesized that the oxidation of the chloride coming from the
aluminum salt, had place once this make a bond with iodine(lll) center of the reagent, making plausibly a “CI*”

synthon that was introduced via a common SEAr (Scheme 2).
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Scheme 2. Hypothesis for the aluminum trichloride oxidation by iodine(lll) reagents to get chloronium
synthons.

We considered this discovery a good alternative for introducing the chlorine atom in aryls, additionally not any
single report about the combination of aluminum trichloride with iodine(lll) reagents was described at such
time. Then, we started an optimization of the reaction conditions. Initial assays were conducted at room
temperature and open flask conditions, testing chlorinated solvents (DCM, DCE and CHCI3) and acetonitrile. Both
cases resulted in the full conversion, nevertheless, the use of acetonitrile lead to the better observed vyields.
Significantly, all the chlorinated solvents accelerated the process but yielding worse results. In this optimization,
the iodine(lll) reagents PIDA [(diacetoxyiodo)benzene] and PIFA [Bis(trifluoroacetoxy)iodo]benzene] were
assayed, resulting PIFA the best oxidant. Other optimized aspect was the stoichiometry, in this case different
lodine(lll) reagents and AICls ratios were tested. Herein, if a (1:1) ratio was tested the reaction proceeded slow
and with a decreased yields compared against our optimal conditions PIFA-AICI3 (1.2:2.4). Thus, having the
optimal chlorination conditions we proceeded to explore the scope of the reaction (Scheme 3).
Importantly, the efficiency of the PIFA—AICI3 system was directly compared with N-chlorosuccinimide (NCS). As
shown in Scheme 3, NCS failed to provide any detectable chlorinated products under the same reaction
conditions, whereas the PIFA-AICI; protocol afforded the desired chloro-naphthol derivatives in moderate to
good yields. This comparison underscores the superior reactivity of the PIFA—AICl3 system for oxidative aromatic
chlorination.

1 OR!
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Scheme 3. Representative scope of the PIFA-AICI; mediate oxidative aromatic chlorination of naphthols.

The reaction applied mainly to the chlorination of phenols and phenol-ethers, was successfully explored by
testing different-in-nature derivatives. Accordingly, electron-neutral (1, 2), electron-withdrawing (3, 4, 9-11) or
electron-donating (5-8) aryls were successfully chlorinated in good to excellent yields (51-83%). This process
was efficient even at gram scale obtaining excellent overall yields (86%).
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Once explored the scope of our reaction, we attempted to isolate the chlorinating species of this developed
protocol. For instance, a mixture of PIFA-AICI5 (1:2) was examined by *H NMR at different periods, however we
only found iodobenzene as main product. Any identification by HRMS or isolation by column chromatography
resulted unsuccessfully. Alternatively, we were able to evaluate the activity of this “chlorinating mixture” which
was kept at 4 °C along two weeks, using the 2-napthol as model for testing the chlorination reaction. It was
found a minor decrease of 6% yield compared to the best yield (Eq. 2).

PIFA-AICI; (1:2)
OH mixed and stored at 4°C -~ 1 (2)
MeCN, 23°C, 0.5 h
same day: 61%,

1 week: 59%;
2 weeks: 55%

With this experimentation we completed the initial forays in the combination of iodine(lll) reagents and
aluminum trichloride. Following the logical chemistry, we decided to explore if other anions present in the
aluminum salts could be also oxidized and make halonium equivalents.

4. Oxidative Bromination: The PIDA-AIBrs; system

Following the logic of our aromatic chlorination work using aluminum salts and iodine(lll) reagents, we decided
to explore the use of aluminum tribromide for carrying out the corresponding bromination under the same
concept of reactivity. In this sense is important to highlight the relevance of the aromatic brominated aryls. Aryl
bromides play a significant role in organic chemistry.® Likewise, they are frequently found in agrochemicals,®°
%1 natural and pharmaceutical products as well as in the field of materials science®?® (Figure 2).

Br
Br

fistularina
(antibacterial)

Q0
S\
O b
<4 \©i
Br Q OH
Br
material science and agrochemicals synthetic intermediates

Figure 2. Relevance of the chlorophenolic core.

Furthermore, aryl bromides serve as essential components in C—C bond formation, either through metal-free
processes or via well-known metal-catalyzed cross-coupling reactions such as Suzuki,®” Stille,®® and Negishi®?
couplings, as well as Mizoroki—-Heck olefination and Sonogashira alkynylation.°!

To date, numerous methodologies have been developed for the bromination of aromatic compounds. Among
the most common are metal-catalyzed using transition metals such as Ru,'%? Rh,103, 104 y/,105,106 ¢, 107,108 pq 109
or Au,*0 all of which have proven highly effective. In addition, bromination techniques involving Br, and NBS
are often carried out using organocatalysts,''? ionic liquids,''? 113 TMSCI,*'* supercritical CO,,'*> or Fe,0s-
zeolite,® which can act as additives or as the reaction medium.
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From the perspective of reagent-based approaches, the oxidation of bromide salts is a widely adopted strategy.
Various oxidizing systems have been applied, including HBr-Selectfluor®,''’ HBr-H,0,,'*'® HBr-DMSO, *° and
KBr-1,0s5.12° On the other hand, particularly efficient, green and low-toxic bromination methods involves the
oxidation of bromide salts using iodine(lll) reagents. Noteworthy contributions in this area have been made by
Evans,?! Braddock,?? Zhou,'?® and Cossio'?* (Scheme 4).
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Scheme 4. Representative procedures for the aromatic bromination

In the context of our synergic combination of I"-AlBr3,?* the developed protocol reported in 2018 presents an
accessible and effective method for electrophilic bromination of phenolic compounds, based on the oxidation
of the bromide anion comming from AlBrs by an iodine(lll) reagent. The referenced studies emphasize several
advantages of this approach, such as ease of handling, rapid in situ formation of the brominating species, and a
mild, non-toxic protocol that is straightforward to implement. Accordingly, we started with the identification of
the ideal system for applying our concept, then, we combine PIFA-AIBr; (1.5:2.4) for the bromination of 2-
naphthol as model. Thus, we got the corresponding 1-bromo-2-naphthol 12 in an excellent 84% vyield. The
following search testing PIDA-AIBrs3 (1.2:2.4) led to the formation of our desired product in a higher 93% yield.
The triplicate of these experimentation confirmed stoichiometry as well as that for the oxidation of the bromide
present in the aluminum tribromide, the best oxidant resulted PIDA. Once the new system for the oxidative
aromatic bromination was identified, we proceeded to explore the scope of reaction (Scheme 5).
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Scheme 5. Representative scope of the PIDA-AIBrz mediate oxidative aromatic bromintion of naphthols

In our method, we examined a wide range not only within the aromatic ring but also including the substituents
attached to the oxygen. As a result, we discovered that groups such as acetyl, benzyl, pivaloyl, and propargyl
were compatible, although the chemical yields varied from 93% to 62-75% (12-16). Plausibly due to the steric
hindrance. Regarding the allyl group, we found an intriguing reactivity. The bromination process for 2-
(allyloxy)naphthalene yielded two products: the anticipated brominated compound 12 in 22% yield and the
naphthofuran 17, which was obtained in 36% yield. The former is a product of the cationic-t bromocyclization
facilitated by our reagent. This represents a significant characteristic that permits the utilization of our method
in polyene bromocyclizations. Furthermore, the presence of methyl, phenyl or formyl groups (20-22) within the
phenolic ring, as well as compounds like benzimidazolones 23, carbazole 24, and even therapeutically relevant
substances such as naproxen 25 or paracetamol 26, were effectively brominated with good to excellent yields.
Similarly, limitations to this process imply electron neutral aryls such as benzene or toluene.

Conversely, various efforts to separate or characterize the active brominating species did not succeed.
Nevertheless, the “brominating mix: PIDA-AIBrs” was assessed over a month. In this situation, the mixture
remained active only if stored at 4°C after that period (Eq. 3).

stored at
4°C 23°C

PIDA-AIBr; (1:2) Br one day: 92% | 86%

OH mixed and stored at OH one week:  91% | 82%
4 and 23 °C ‘ two weeks: 91% | 78% (3)
MeCN. 23 °C - one month: 90% | 75%

Isolated yields are described
In such a way we completed the oxidative aromatic bromination under the synergic combination of PIDA
reagents and aluminum tribromide. Then we started to explore different iodine(lll) reagents that could be useful
for combining with aluminum salts.
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5. Chlorination and Bromination Processes Using The (PhlO),-AlXs (X= Cl, Br) System

Several lodine(lll) reagents of common use such as PIDA, PIFA, IBX or (PhlO), have been broadly described. We
turned our attention in the polymeric iodosylbenzene due to its potential use in catalytic reactions, according
to preliminary results obtained by our research group in 2018. An important point we considered was the
iodosylbenzene nature which has been described as a polymer and whose X-ray structure has been reported.?®
Is known, iodosylbenzene is an insoluble compound that depolymerize by dissolving in methanol*?® or in
presence of Brgnsed'?” or Lewis acids.'?® Having all of these precedents in mind, we decided to start the
reactivity exploration by mixing (PhlO)n-AlXs (X=Cl, Br) looking for the chlorination and bromination of naphthols
and naphthol-ethers.?’” To our delight, we found the expected reactivity and as consequence, the chlorination
and bromination of the 2-naphthol that was used as model. The previously obtained compounds 1 and 12 in 94
and 98% yield respectively were identified as product of this rection. These results are slightly better than those
obtained by using PIFA or PIDA. Regarding the stoichiometry used, we easily discover that the same ratio for I''-
AlX3 (1.2:2.4) was still our best choice for the process (Scheme 6).

H (PhlO), (1.2 equiv.)

AlX3 (2.4 equiv.
25 OR ;’((= -CI,?Br ) . .«;"*]:j/OR
R! > R—
'*i:/]ij MeCN, 23 °C, 10-25 min Ry
R =-H, -Me
R'= -OMe, -Me, -Bu, -Ph, -Cl, -Br

cl OH
o OH
cl
]@*H 9¢
MeO OAc O Br

\

Aryl or Heteroaryl

27, 72% 28, 82% 29, 58%
“'noreaction  OH !
¢ ¢ ' Me i
30, 36% 31,36% neither with (PhIO)n/ AICI5 nor AlBrs

Scheme 6. Representative scope of the (PhlO), / -AlCls, -AlBrs mediate oxidative aromatic chlorination and
bromination of phenols.

In similar fashion several phenolic derivatives (1, 2, 3, 4, 5, 12, 24-26) previously described?* 2* were chlorinated
and brominated with particularly excellent yields and remarkably short times. Several other aromatics having
the formyl, aryl naphthalene, tert-butyl or methoxylated derivatives (27-31) were successfully functionalized.
Once explored the scope we carried out some mechanistic studies. The NMR experiments did not provide any
significant information. However, we proposed that the reaction should started by the depolymerization of the
iodosylbenzene. As described, this can be possible by interaction with Br@gnsed?!?’ or Lewis acids.'?® Accordingly,
we hypothesized that the depolymerization process should started by the interaction of (PhlO), with the
aluminum salt which is a strong Lewis acid. This could generate monomeric subunits of iodosylbenzene that
acted as the main iodine(lll) species. To demonstrate this postulate, we combine (PhlO),-AlX3 (X= Cl, Br) in
acetonitrile and proceeded to analyze by HRMS. Gratifyingly, we found the molecular peak corresponding the
PhIO indicating without any doubt the depolymerization. Worth mentioning this is the only report with feasible
evidence of the iodosylbenzene depolymerization by a Lewis acid interaction, displaying a dual role as
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depolymerizing reagent as well as the halogen source (Scheme 7A). Also, based upon this evidence we
envisioned a reaction mechanism starting by coordination of polymer with AlXs3 to yield the corresponding
adduct (PhlO)»-AlX3, then the transfer of X to the iodine(lll) center led to the putative halogenating active
species which reacted with the aryl or heteroaryl phenol to finally yield the chlorinated or brominated product
(Scheme 7B).

Ph 0 5
El . |’/O\I<‘ AICI; or AIBry ié ; Mechanistic proposal
07 Nph " MeCN, 23°C Ph : .
polymeric monomeric }AI/ X
-------------------------------------------------- AlX; x5
105 . ) f)
8 203462 N . ,L?i‘fzo\l/Ph . I’/:;A \I/Ph
H---0, oY 3 I¢ ~ — =~
I S 28 So S / \ S
N o Npy ™ © P )
|l
F - AIX
6 Calc Mass: (PhIO)n Al ?

220.9458

Aryl or Heteroaryl Ph
238.9121 ) putative

chlorinating and
brominating sspecies

| 203.9432 280.9823

258.9226
0 il A L wl A [ R Y

Scheme 7. A) Depolymerization of (PhlO), by interaction with AlX3 (X= Cl, Br) for the HRMS molecular peak
identification of PhlIO monomer. B) Mechanistic proposal for the chlorination and bromination of naphthols
using the system (PhlO),-AlXs.

With these preliminary results and due to the impossibility to get by NMR spectroscopy additional information,
we conducted DFT calculations to investigate the reaction mechanism for the chlorination and bromination
processes using PIFA and PIDA with AlX3 (X= Cl, Br) salts.

6. DFT Calculations for the Chlorination and Bromination Processes

The chlorination and bromination using the PIFA-AICI3 as well as the PIDA-AIBr3 systems were theoretically
studied.?®* Some important considerations for these calculations are the following. Equilibrium geometry of
reagents and products, the stationary points, and transition-state structures were optimized by density
functional theory (DFT) calculations employing the software Gaussian 16.13°

The w-B97XD functional®*! was selected for this study due it accounts for dispersion interactions using a range-
separated approach—applying 22% Hartree—Fock exchange at short range and 100% at long range. This method
accurately captures both thermochemical properties and noncovalent interactions. To identify the critical points
on the potential energy surface for the different chlorination and bromination pathways explored, bromine and
iodine atoms were described using an updated version of the LANL2DZ basis set and effective core potential,
known as LANLO8(d), which includes d-type polarization functions. All other atoms (such as H, C, O, F, Al, etc.)
were modeled with the 6-31G(d) basis set. Geometry optimizations were performed without any imposed
symmetry constraints. The resulting stationary points were confirmed through analytical frequency calculations:
structures corresponding to energy minima (e.g., reactants, intermediates, products) showed only positive
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harmonic frequencies, while transition states exhibited a single imaginary frequency. These frequency
calculations also provided zero-point energy, thermal, and entropy corrections, which were added to the
electronic energy to yield the Gibbs free energy at 298 K and 1 atm. All computations were initially carried out
in the gas phase. Solvent effects were later introduced using the polarizable continuum model (PCM) through
the SMD (solvent model density) method, based on Truhlar’'s model,32136 with MeCN (acetonitrile) as the
solvent. To enhance the accuracy of single-point energy calculations, a mixed triple-{ quality basis set was
employed: 6-311G(d,p) with polarization for all atoms except Br and |, which continued to be described using
the LANLOS8d relativistic pseudopotential [41—-43]. Thus, the overall computational approach can be summarized
as: (SMD: MeCN) w-B97XD/(6-311G(d,p), LANLO8d)//w-B97XD/6-31G(d), LANLO8d (Scheme 8).
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Scheme 8. Reaction mechanism for the chlorination of 2-naphthol using the PIFA-AICI; system, DFT-calculated
at the (SMD:acetonitrile)wB97X-D/def2-tzvpp//wB97X-D/def2-svpp level. AG values in green color are given in
kcal-mol™.

The proposed mechanism for the chlorination reaction begins with the coordination of an oxygen atom from
PIFA to aluminum chloride, forming a highly exergonic PIFA—AICIz complex. This adduct is used as the reference
point at 0 kcal-mol™. A chlorine atom is then transferred from aluminum to the hypervalent iodine(lll) center
via a six-membered transition state labeled as TS1—Cl, with an associated activation free energy (AG*) of 9.7
kcal-mol™. Following, a tetracoordinate TFAO-AICI; salt is released, leading to the formation of intermediate I-
1-Cl (AG = -25.2 kcal-mol™), which features the key Cl-I"" bond. This occurs through a formal ligand exchange
between TFAO and Cl. The Cl-I bond in this structure measures 2.46 A, with the halogen occupying the
equatorial position of the iodine center. Subsequently, a second equivalent of AIClz binds to the TFAO ligand,
forming the active chlorinating species I-2—Cl (AG = -18.3 kcal-mol™). This species exists in equilibrium with the
ion pair I-3—Cl (AG = -0.5 kcal-mol™). The small energy gap between these two states highlights their
spontaneous interconversion, a phenomenon only observed in the presence of two equivalents of the Lewis
acid. Upon introducing 2-naphthol, the chlorine is barrierless incorporated into the phenolic, forming the non-
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aromatic intermediate 1-4—Cl (AG = -23.1 kcal-mol™). Aromatization then occurred with assistance from TFAO-
AICI, via TS2—Cl (AG* = 11.1 kcal/mol), involving hydrogen transfer from the non-aromatic intermediate to TFAO-
AICl3. Overcoming the barrier in TS>—Cl results in the formation of the 1-chloro-2-naphthol adduct I-5-Cl,
complexed with TFA-OH-AICI, (AG = -2.6 kcal/mol). This intermediate then spontaneously yields the final
product, 1-chloro-2-naphthol 1, alongside the regeneration of TFAO—-AICI,, in a strongly exergonic step (AG =
-44.2 kcal-mol™) (Scheme 7).

Regarding the bromination reaction using the PIDA-AIBrs; system, the reaction follows a stepwise mechanism
(Scheme 9).
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Scheme 9. Reaction mechanism for the bromination of 2-naphthol using the PIDA-AIBr3 system, DFT-calculated

at the (SMD:acetonitrile)wB97X-D/def2-tzvpp//wB97X-D/def2-svpp level. AG values in red color are given in
kcal-mol™.

Page 12 ©AUTHOR(S)



Arkivoc 2025, part _, 0-0 last name, initials of first author et al.

This begins with aluminum bromide coordinating to an acetate ligand in PIDA, to get the PIDA—AIBr; complex
through a strongly exergonic process. As in the previous case, the Gibbs free energy at this stage is set to 0
kcal-mol™ for reference. Subsequently, the PIDA-AIBr3 adduct undergoes ionization, producing the ion pair I-1-
Br (AG = -31.3 kcal-mol?) in a thermodynamically favorable step. Next, an intramolecular SN2 reaction occurs,
in which the aluminum-based anion transfers a bromine atom to the electrophilic iodine(lll) center via the
transition state TS;—Br. This transition state has a reasonable activation energy of 8.3 kcal kcal-mol™. The bond
distances for I-Br and Br-Al are 3.15 A and 2.78 A, respectively, with an I-Br-Al bond angle of 93.1°, which is
characteristic of the typical T-shaped geometry seen in hypervalent iodine(lll) species. This step results in the
release of the AcO-AIBr;, salt and generates the intermediate 1-2-Br (AG = -9 kcal-mol), which contains the
essential Br—1" bond, measured at 2.65 A. At this point, a favorable ligand exchange between AcO™ and Br
occurs, releasing 35.2 kcal-mol* of energy. Then, a second equivalent of aluminum bromide coordinates to an
acetate ligand, forming the active brominating species Br—I(Ph)-OAc—AIBr; (I-3-Br). The next step involves the
addition of 2-naphthol to the iodine(lll) center, facilitating the release of the BrsAl-OAc ligand via transition
state TS>—Br (AG* = 11.7 kcal-mol™), producing the protonated intermediate 1-4-Br. Deprotonation assisted by
the released BrsAl-OAc, follows. This leads to the formation of the AcO-AIBr; salt through TS3—Br, and results
in the trans intermediate I-5-Br, which includes a Br=I(Ph)—O-naphthyl bond measuring 2.14 A. In the final key
step, bromination takes place through isomerization of I1-5-Br to the cis transition state TS4-Br (AG* = 16.1
kcal-mol?), yielding the non-aromatic intermediate 1-6—Br in a highly exergonic process (AG = -52.3  kcal-mol
1). Lastly, 1-6-Br undergoes spontaneous aromatization, leading to the experimentally observed 1-bromo-2-
naphthol 12, which is 2.6 kcal/mol more stable than 1-6-Br (Scheme 8).

7. Oxidative lodination: The (PhlO),-NHal system

Aromatic compounds containing iodine atoms, play a significant role in organic chemistry.’’ lodinated arenes
are particularly important due to their natural occurrence®® 3% and their presence in pharmaceuticals,4°
hormones,'*! antifungal*? and antibacterial agents.'*? Aryl iodides are also of great interest as they serve as
precursors for the synthesis of hypervalent iodine(V)'** and iodine(l11)**° regents. Additionally, they are excellent
substrates for carbon—carbon bond-forming reactions such as Suzuki, Stille, Sonogashira alkynylation, and
Mizoroki—Heck olefination (Figure 3).146
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Figure 3. Relevance of the iodoarene core.
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Various methods for the iodination of arenes have been reported in the literature. Among the most prominent
are those involving transition metals like Ru,**” In,1%8 Pd,*° Mo,*° Hg,*>! Fe,'2 Ce,'>3 Yb,'>* and Ag.'> There are
also metal-free approaches using I, with oxidants such as peroxodisulfate,>® DMSO,*>” HI03,'%8 urea—H,0,,%*° or
NO,.16% Another strategy relies on the oxidation of iodide salts with systems like NH4l/H,0,,6* Nal/NaClO,,%%? or
NaClO,/Nal/HCl.18 Alternatively, iodination using electrophilic iodine (I*) species is commonly carried out with
reagents such as ICl,®* N-iodosaccharin,®> IPy,BF,4,%® and NIS in strongly acidic media like TFA, 67 TfOH,¢® or
HFIP.1%° A more recent development includes radical iodination with 1,/TBHP.17? A less explored yet promising
route for the oxidative iodination of arenes and phenols involves the use of hypervalent iodine(V)’ or iodine(lll)
reagents.r’2 lodine(lll)-based methods typically proceed through the formation of a diaryliodonium
intermediate, which then reacts with a metal iodide (commonly Nal) to undergo a thermally driven reductive
elimination, yielding two different aryl iodides.!’® Most current methods for phenol iodination rely on costly
transition metals or harsh oxidants, often leading to poor functional group compatibility. In this context,
hypervalent iodine reagents present an attractive alternative. Nevertheless, existing iodine(lll) iodination
protocols face major drawbacks, including low selectivity,'’* polyhalogenation, the use of expensive
precursors,’> multistep synthesis, restriction to electron-rich arenes, limited applicability, and demanding
conditions (high temperature, strong Lewis acids, or long reaction times) (Scheme 10).
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Scheme 10. Representative procedures for the aromatic iodination of phenols.

These limitations have hindered the development of an efficient iodine(lll)-based iodination approach. Against
this backdrop, we aimed to develop a systematic and efficient method for phenol iodination using hypervalent
iodine(lll) reagents. Inspired by our novel protocols for chlorination and bromination using PIFA, PIDA and the
corresponding aluminum salts (AlXs, X= Cl, Br) we initially propose the combination of the mentioned reagents
with Alls. Unfortunately, after several attempts, this system only produced large amounts of molecular iodine
along the full recovery of the starting material. The continuous search for a useful iodinating system led to the
discovery of the iodosylbenzene (PhlO), combined with ammonium iodide (NH4l) as a cost-effective iodine
source.?® The stoichiometric and solvent optimization of this reagents combination showed that (PhlO)n-NHal
(1:2) in methanol by periods of 5-25 minutes were the best conditions. Then, we proceeded to explore the scope
of the reaction (Scheme 11).
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Scheme 11. Representative scope of the (PhlO),-NH4l mediate oxidative aromatic iodination of phenols.

Different naphthols (32-36) were succesfully iodinated even some of them at gram scale with excellent yields (>
86%) and remarkably in short times. However, for the case of phenols, the polyiodination was a constant in
every reaction, even for electro-poor aryls.

Then, we developed and improved a protocol for preventing the polyiodination of mono-annular phenolic
aromatic systems, which is a common and undesired observed side-reaction. Accordingly, we considered the
increasing acidity of the media generated after the aromatizacidn process as result of the first iodination atom
introduction, that acelerates the following iodination process. Then, the intorduction of more than one iodine
atom in the phenolic ring was observed. To overcome this inconvenient and after several experiments we tested
potasium tribasic phospate for buffering the reaction. To our delight, the addition of this salt succesfully
controlled the polyiodination enabling the single iodine atom introduction. Next, we proceeded to identify the

scope of this buffered reaction (Scheme 10).
(PhlO), (1.2 equiv)

OH NH,l (2.4 equiv) OH OH
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R= -Me, -OMe, -Pr, -Ph, -F, -ClI -Br, -I
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Scheme 10. Scope of the (PhlO),-NH4l mediate the controlled mono-iodination of phenols buffered by KsPOa.

A representative amount of iodinated phenols are showed. Under optimized buffered conditions the controlled
mono-iodination of several phenols was achieved. These include electron- neutral (41), -rich (42-45) or with
bulky substituents (46, 47) in modest to excellent yields (56-90%).

Following this strategy on the use of ammonium iodide, we envisioned that the corresponding ammonium
chloride and -bromide would produce the corresponding chlorinated and brominated phenolic derivatives. Once

Page 15 ©AUTHOR(S)



Arkivoc 2025, part _, 0-0 last name, initials of first author et al.

we test the aformentioned salts in combination with polymeric idosylbenzene, we obtained the chlorination
and bromination products using the same stoichiometry, solvent and temperature previously identified for
iodination process. Then, we demonstrate a brief scope (Scheme 11).
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Scheme 11. Scope of the (PhlO)n/-NH4Cl, -NH4Br mediated aromatic chlorination and bromination of phenols.

To conclude our work on the oxidative aromatic controlled mono- or diiodination of phenols, mechanistic
studies using different radical scavengers such as TEMPO or DPPH were added to a model reaction. Then, the
iodination of 2-naphthol under standard conditions, were we carried out. Not yield decreasing in any of both
scavengers used was found. Also, theoretical studies to postulate a possible iodinating species was carried out.
For instance, calculations considering the interaction of monomeric PhlO and ammonium iodide were
conducted at the B3LYP/DGDZVP level. The enthalpy and Gibbs free energy for the reaction between PhlO and
NH4l were analyzed to assess the energetic stability of the resulting product. The calculated values strongly
indicate that the trans-adduct!’* PhlI(OH)-NHs is the most likely active iodinating species. This hypervalent
iodine(lll) compound is formed through isomerization from its initially generated cis-adduct, which appears as
the kinetic product. In contrast, the trans-Phll(OH)-NHs; represents the thermodynamically favored species.
Additionally, Fukui function of this species was calculated showing the most electrophilic center which is yellow
colored (Scheme 12).
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Scheme 12. DFT-calculated plausible iodinating species for the (PhlO),-NHal system and its Fukui function.
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This set of experiments described a novel reagent combination [(PhlO)n-NH4X (X= Cl, Br, 1)] focused, explored
and developed mainly for the iodination of phenols which was illustratively extended to the chlorination and
bromination processes. At such point we turned our attention on a broad exploration of the iodosylbenzene as
a valuable reagent for additional functional groups introduction as well as for the functionalization of other
important aromatic aryls such as anilines.

8. lodination of Anilines by in situ formed AcO-I

Electron-rich arenes, such as anilines, often require specific conditions for halogenation, since conventional
methods using strong Lewis acids (e.g., Al or Fe metals) are not suitable when the nitrogen atom lacks electron-
withdrawing substituents. Standard iodination procedures for anilines generally involve metal-based oxidants
and are typically limited to a narrow range of N-substituted anilines.!”>80 Metal-free approaches utilize
molecular iodine (I,) in polar solvents,®" 182 oxidant combinations,®3 ICl,*8* NIS,8 or iodide oxidation using
agents like KClO38¢ or H,0,.18” Additionally, the ICl,~ ion has been used with various cations, including Na*,188
K*,18 Py*R,1° Bn,EtsN*,*°! and Bn,DABCO?*.1°2 Meanwhile, metal-mediated iodination methods for anilines
have been confined to reagents such as HgO-,1%3 TI(OTFA)s-,*** and the Ag,S0,-1,1% systems. Additionally, a well
know method for the direct iodination of non-nitrogen functionalized anilines, concern to the use of acetyl
hypoiodite (AcO-I). In this regard several methods have been described for their synthesis such as the reaction
of I, with various reagents, including Pb(OAc),,1°® Hg(OAc),,*°” AcOsH,**® Oxone/Ac,0/AcOH,'*° AcOAg, and the
AcOAg/ICl system.??° Additionally, the generation of AcOl using iodine(lll) reagents has been reported via the
reaction of PIDA with 15,2° Nal,2%? NIS,%% and regarding our work, NH4l13! (Shceme 13).
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Scheme 13. Representative procedures for the aromatic iodination of N-H free anilines.
To get iodination of anilines we tested our previously described iodination method using iodosylbenzene and
ammonium iodide in acetonitrile,?® nevertheless, we couldn’t find any reaction. Then we assayed PIDA with the

same iodide salt under (1:1.5) stoichiometry, surprisingly we isolated 46% yield of the exclusively p-iodoaniline
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56. The optimization led to the use of MeCN-H,0 (1:1) as the best solvent mixture for the reaction. Other solvent
such as methanol accelerated the process in such way that didn't allow a productive reaction, and as

consequence any isolable product was identified. Thus, once optimized the conditions we started a short scope
exploration (Scheme 14).

NH, PIDA (1.2 equiv) NH,
X NH,! (1.5 equiv) > N
R H,0-MeCN (1:1), 23-60 °C, \.—R
5-20 min
R=-Cl, -Br, -NO,, -OMe, -Ph.
NH,
? ? C ? B : M NO,
56, 76% 57 40% 58, 42% 59 549 60, 65%
(740 mg, 31%) (2 d, 60 °C)
NH, O NH, O NH, O NH»
61 62% 62 67% 63, 63% 64 729 65, 20%
NH, NH """" NH """"""""""""""""""" '
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: FsC CF3 :
H NO, .
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Scheme 14. Scope of the PIDA-NH4l mediated aromatic iodination of N-H free anilines.

Some N-H free neutral anilines as well as such containing electron-attracting groups like halogens and nitro
group (56-60) were modestly iodinated (40-76%) even at gram scale. The alkyl and carbonyl groups including
carboxylic acids, esters or ketones (61-64) could be iodinated in yields ranging from 62-72%. Other aryls
containing the naphthyl, pyridyl and thiazolyl groups (65-67) were also iodinated under our conditions. Strong
electron-attracting groups such as nitro and fluor, bis-trifluoromethyl or aniline with preinstalled p-substitution
are the limitations of the protocol. Interestingly, this protocol only gave the p-iodination.

Next, we performed theoretical calculations to find a plausible reaction pathway (Scheme 15).
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Scheme 15. DFT-calculations for the iodination reaction mechanism of aniline using PIDA-NH4l in MeCN-H,0
(1:1). Calculations were carried out at the (SMD:acetonitrile)wB97X-D/def2-SVPP level. AG values in purple color
are given in kcal-mol ™2,

The proposed mechanism begins with the interaction between PIDA and ammonium iodide, resulting in
intermediate 68 with an energy of —14.4 kcal/mol. Subsequently, the acetate group from PIDA, which is
associated with the ammonium cation, dissociates via transition state TSi-l (AG = +18.5 kcal/mol), yielding
intermediate 69 without any net energy change (0.0 kcal/mol) relative to 68. Then, NH,OAc interacts with 69 to
form adduct 70, releasing —6.3 kcal/mol of energy (AG = —6.3 kcal/mol). In this adduct, the acetate ion displaces
the iodine atom, a process favored by the geometry of 70. The remaining acetate in 70 is released through
transition state TSz-l (AG = +14.6 kcal/mol), forming AcO—-l and releasing —28.4 kcal/mol. The final step involves
para-iodination of aniline, which has a reaction energy of +18.8 kcal/mol (AGg = +18.8 kcal/mol). In this step, the
transition state (TSs-1) involves AcO-l interacting with ammonium acetate, requiring +7.9 kcal/mol (AG = +7.9
kcal/mol). The ammonium cation plays a key role by bridging both acetate groups through hydrogen bonding,
which increases the electrophilicity of the iodine in AcO—I and facilitates both its formation and the subsequent
halogenation reaction.

Ammonium acetate has been found to play a critical role in this transformation. To experimentally validate the
key mechanistic steps, AcO-l was synthesized following established protocols.3% 201203 Sybsequent iodination
of aniline was performed using the generated acetyl hypoiodite under two different conditions: (i) in the
absence of externally added ammonium acetate, and (ii) in the presence of one equivalent. The reaction without
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ammonium acetate afforded a 51% yield, whereas the addition of one equivalent resulted in a significantly
improved vyield of 73%. This latter outcome closely aligns with the 76% vyield observed under the standard
reaction conditions. These findings provide strong experimental support for the mechanism proposed through
DFT calculations (Eq. 4).

AcO-l 56
Ph-NH, - . (4)
- . 0
H20 MeCI\; (1:1), 73 % (with NH,OAc)
23-60°C

The remarkable highlights of this developed protocol consited in the new and really fast water-tollerant
generation of acetyl hypoiodite in only 2 minutes by mixing PIDA and ammonium iodide.

Simultaneously, an unusual reactivity was identified by exploration of polymeric iodosylbenzene with aluminum
nitrate to get a catalytic nitration of phenolic systems.

9. Catalytic Nitration: The (PhlO),-Al(NOs); system

Nitroarenes, particularly nitrated phenol derivatives, hold significant importance due to their wide-ranging
applications.?% They naturally occur in various sources?® and are commonly found in antibiotics,?% organic
dyes,?%7 explosives,?® pesticides,??? polymers,?1° the pharmaceutical industry,?!! solvents, ?'2 and serve as key
intermediates in the synthesis of amine derivatives (Figure 4).213

HO
ilamycin B2
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1-nitroaknadinine stephanosporin trifluralin
(Antimicrobial agent) (Cytotoxic agent) (Herbicide)

Figure 4. Relevance of nitrophenols and nitrorenes.

The nitration of aromatic compounds has been extensively investigated, and numerous methods for introducing
nitro groups are currently available.?!* The classical approach involves the use of concentrated nitric acid,?!?
often in combination with strong acids such as HNO3-H,S0,4 mixtures.?*>-218 Milder alternatives include reagents
like tert-butyl nitrite (‘BuNO,)?!° or Crivello’s reagent.??° Sodium nitrite (NaNO,) paired with various Brgnsted
acids also serves as a nitro source in several methods.??'-223 Additional nitro-containing systems applicable to
arene nitration include melamine-N0O3,2%* TCT-Zn(NOs),,2% [BnPhsP*][-S,057]-N0O3,%%® and combinations such
as H,S0s with Sr(N03)2227 or Bi(NO3)3.228
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Transition metal-catalyzed nitration has also been explored using metals like rhodium,??® palladium,?3°
zirconium,?3! cerium,?3? bismuth, and iron.?33 However, these methods often face challenges such as limited
functional group tolerance and harsh conditions. This has driven interest in hypervalent iodine(lll) chemistry,
which formed the basis of our research.

Recent work has demonstrated nitration using reagents like PIFA?34 or diaryliodonium salts.?3> Notably,
Professor Olofsson?3® developed an in situ strategy for generating diaryliodonium salts followed by nitration.
Our motivation stems, from the need to develop milder, more selective nitration protocols. We aim to avoid
Brgnsted acids and harsh conditions by utilizing iodine(lll) reagents in combination with aluminum salts. Our
approach represents a novel contribution to the field, as it introduces catalytic conditions for arene nitration for
the first time (Scheme 16).2°
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Scheme 16. Representative procedures for the aromatic nitration of phenols.

Inspired by our combination protocols of iodine(lll)-reagents and aluminum salts for the chlorination and
bromination and specifically the use of polymeric iodosylbenzene with these salts, we envisioned in 2018 the
plausible nitration of phenols. Our preliminary exploration started by combining PIDA- Al(NO3)s3 (1:2) using 2-
naphthol as model. Surprisingly, we found the double nitration instead of the single one (Eq. 5).

NO,

PIDA (1.2 equiv)
OH  AI(NO); (2.4 equiv) OH
- 1O (5)
MeCN, 23 °C, 4 A MS O,N
71, 91%

Several trials were carried out attempting to get the single nitration, nevertheless, just with the use of 0.5
equivalents of PIDA and 0.35 of aluminum nitrate it was possible to get 68% of single nitration of 2-napthol (71).
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The use of sub-stoichiometric amounts of iodine(lll) reagent led to the proposal that a catalytic process must be
involved. Additionally, a mechanistic proposal considered to the iodosylbenzene as an active “by-product” which
could be completed the reaction along several cycles. Then, we decided to use this polymeric reagent in
combination with aluminum salts. To our delight we identified to the (PhlO)»-Al(NO3)s (0.25:0.35) in acetonitrile
as optimal conditions. Consequently, we proceeded to identify the scope and limitations of this new nitrating
process (Scheme 17).

NO,
N OH N OH
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Scheme 17. Scope of the (PhlO)»-Al(NQO3); catalyzed aromatic iodination of N-H free anilines.

Several naphthols (71-73), phenols (74-87), containing electron-withdrawing and electron-donating groups as
well as different heterocycles such as pyridines 88, quinoxalines 89, carbazoles 90 and even steroids were
successfully nitrated overall within excellent yields. As part of this scope exploration, we found that some aryls
containing benzylic hydrogens surrounded to electron-rich groups were oxidized to get the corresponding
carbonyl group to obtain ketones, esters and carboxylic acids (92-98).2% An important point to highlight is the
remarkably non-acidic conditions, that make a very mild protocol which proceed close to neutral medium. Next,
we conducted some DFT calculations to identify a plausible reaction mechanism for the catalytic nitration
process (Scheme 18).
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Scheme 18. DFT-calculations for the catalytic nitration of 2-naphthol using (PhlO)»-Al(NO3)s in MeCN.
Calculations were carried out at the (SMD:MeCN)Mo8-HX/(LANLo8+f,6-311+G*) level. AG values in orange color
are given in kcal-mol2,

The proposed mechanism begins with the coordination of a monomeric PhlIO molecule to aluminum nitrate,
forming intermediate 99 with a favorable free energy change of -10.1 kcal/mol. Subsequently, a nitrate group
migrates from the aluminum atom to the iodine(lll) center, resulting in intermediate 100, which has an energy
of -6.2 kcal/mol. This species then breaks apart on its own, generating the nitronium cation NO,* along with the
regeneration of monomeric iodosylbenzene and the formation of mixed aluminum oxide species. This
transformation requires an energy input of 15.3 kcal/mol. At this stage, the 2-naphthol reacts to form the
nitrated product 71, in a highly exergonic step that releases -50.6 kcal/mol. After three cycles of the reaction,
the aluminum reagent is fully converted into Al(OH)s.

10. Catalytic Chlorination and Nitration of Anilines

The last contribution of this topic by our research group came in 2022.3° Therein it was described the
chlorination and nitration of anilines. In this contribution the nitrogen of the aniline must be functionalized in
order the reaction proceed. After several assays, the tosyl group was the optimal for both processes. It is
important mentioning that iodine(lll)-based protocols for these processes are few considering this dense field
of arene functionalization (Scheme 19).

..............
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: =
z VRIA atmm
R ® R
AR PIDA / TMSCI : PIFA (é equi.v)) E
R 12| i -3- 1 3 (3 equiv) !
z _Qf-‘?*l'?rf. 12 Benziodoxol O SR el
R JRRRRIiiiL siiiiil
@ stoichiometric v catalytic !!!
' ' our work
NHMs ' NHTs :
z L P
1—=_ ==NO i R'-— ===NO
R '\/' z : \) 2
PIFA / NaNO, ! (PhIO), (0.6 equiv) :

i AI(NO3); (0.8 equiv);

_________________

Scheme 19. lodine(lll)-based methos for chlorination and nitration of anilines.
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For the case of chlorination reaction, stoichiometric amounts of oxidant and aluminum salt was necessary for
completing the reaction. On the other hand, the nitration proceeded in catalytic conditions using 60 mol% of
polymeric iodosylbenzene and 0.8 equivalents of aluminum nitrate in acetonitrile at 50 °C. Using these
optimized conditions, we explored the scope and limitations of this procedure (scheme 20).
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Scheme 20. Scope of the chlorination and nitration of N-Tosyl anilines using the (PhlO), / -AlCl3, -Al(NO3)s3,
systems.

As illustrated, different N-tosyl anilines including the simplest one (101-103) as well as those p-substituted
containing the full halogens family, the nitro group, alkyl and ether groups (104-116); also, anilines with o- (117-
120), m- (121, 122) and even tri-substituted anilines (123, 124) were chlorinated and nitrated with variable
yields ranging from low to excellent (10-86%). Important to mention is the low yields are selected and the very
minor number of compounds obtained.

Next, we proceeded to explore the reaction mechanism by DFT calculations, to identify the most plausible
reaction route which allowed the final product formation at the (SMD:acetonitrile)wB97X-D/def2-
tzvpp//wB97X-D/def2-svpp level. We specifically focused on the chlorination processes. The study of the
nitration by DFT calculations is currently under investigation in our laboratories (Scheme 21).
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Scheme 21. DFT-calculations for the o- and p- chlorination of aniline using PIFA-AICI; in MeCN. AG values in
green color are given in kcal-mol™.

The process begins with thecoordination of a trifluoroacetate group from PIFA to AICIz. This interaction leads to
the release of the acetate group while a chloride ion is simultaneously transferred to the iodine atom via the
transition state TS1 (AG* = 18.9 kcal-mol?), resulting in intermediate 125, which is +2.1 kcal-mol™ higher in
energy than the starting materials (the trifluoroacetate becomes species C). 125 then binds to another AICl;
molecule, forming 126, which is stabilized by 22.4 kcal-mol™. This complex then dissociates spontaneously into
the ion pair CI(Ph)I* and AICIs-TFAO, releasing 9.1 kcal-mol™ and generating the active catalyst. At this stage,
the reaction with N-tosyl aniline proceeds through electrophilic attack at either the ortho or para position. Both
transition states were calculated: TS2; (for ortho-chlorination) and TS2; (for para-chlorination), with energy
barriers of 22.4 and 19.5 kcal-mol, respectively. The energy gap (AAG*, = 2.9 kcal-mol?t) becomes even more
evident when comparing intermediates 127 and 128 (AAGs = 5.8 kcal-mol?), although both steps are exergonic
(releasing 4.2 and 10.0 kcal-mol?, respectively). Further along, species AlICl3-TFAO™ undergoes deprotonation via
TS3:1 (AG*; = 27.0 kcal-mol?t) or TS3; (AG*, = 19.4 kcal-mol?), showing the largest energy gap between the two
paths (AAG*; = 13.4 kcal-moll). These findings suggest that para-chlorination is significantly faster than ortho-
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chlorination. The monochlorinated products 129 and 130 differ by only 1.4 kcal-mol™. In the second chlorination
step, there’s a reversal in intermediate stability, with 131 being 3.1 kcal-mol! more stable than 132. Despite
TS4, being significantly faster than TS41 (AAG*; = 6.5 kcal-mol?), the subsequent deprotonation step through
TS5: has a lower energy barrier than TS5, (AAG*s = 2.4 kcal-mol™), leading to the final dichlorinated product. A
comparison between 129->TS4; (AG* = 22.5 kcal-mol?, para attack) and 130->TS5; (AG* = 24.0 kcal-mol?, ortho
attack) again shows a preference for para substitution. Nonetheless, this regioselectivity is primarily determined
during the first chlorination step on the aniline ring.

This study completed our contribution to this area of the organic chemistry involving iodine(lll) reagents and
aluminum salts for the stoichiometric chlorination, bromination and catalytic nitration of phenols and anilines,
which demonstrated the great versatility and unique reactivity of the development.?3’

11. Conclusions

In conclusion, the use of hypervalent iodine(lll) compounds in combination with aluminum and ammonium salts
has been discussed. This method allows for the electrophilic functionalization of aromatic and heteroaromatic
compounds. The studies described above allow for catalytic halogenation and nitration under mild reaction
conditions: non-Brgnsted acidic, metal-free, and oxidant-free conditions. This represents an alternative to
classical electrophilic aromatic substitution methods.

The dual role of inorganic salts, which act as a source of the halogen or nitro group and as modulators of the
reactivity of the hypervalent iodine(lll) center, allows for unique reactivity in the functionalization of derivatives
of phenols, anilines, and heterocycles. Tolerance to different functional groups demonstrates the applicability
of these methodologies; however, there are areas of opportunity in this field, such as the functionalization of
more complex substrates and the extension to less activated aromatic systems.

We have also thoroughly discussed the experimental, mechanistic, and theoretical studies that support the
importance of in situ generated iodine(lll) species, which enable the formation of highly reactive electrophilic
species. This allows for mild reaction conditions and good yields in functionalized systems. In this context, future
efforts should focus on functionalization methodologies for arenes involving hypervalent iodine(lll) reagents,
emphasizing the application of these compounds in the synthesis of molecules of interest in pharmaceuticals,
agrochemicals, and materials science.

Acknowledgements

We acknowledge the facilities of the DCNyE, the Chemistry Department, the National Laboratory UG-CONACyT
(LACAPFEM) at the Department of Chemistry at the University of Guanajuato.

References
1. Hernandez-Veldzquez, E. D.; Granados-Lépez, A. J.; Lopez, J. A.; Solorio-Alvarado, C. R. ChemBioChem
2025, 26, €202400640.

https://doi.org/10.1002/cbic.202400640

2. Segura-Quezada, L. A.; Hernandez-Veldzquez, E. D.; Corrales-Escobosa, A. R.; de Ledn-Solis, C.; Solorio-
Alvarado, C. R. Chem. Biodiversity. 2024, 21, e202300883.
https://doi.org/10.1002/cbdv.202300883

3. Gutiérrez-Cano, J. R.; Nahide, P. D.; Ramadoss, V.; Satkar, Y.; Ortiz-Alvarado, R.; Alba-Betancourt, C.;
Mendoza-Macias, C. L.; Solorio-Alvarado C. R. J. Mex. Chem. Soc. 2017, 61, 41-49.
https://doi.org/10.29356/jmcs.v61i1.126

Page 26 ©AUTHOR(S)


https://doi.org/10.1002/cbic.202400640
https://doi.org/10.1002/cbdv.202300883
https://doi.org/10.29356/jmcs.v61i1.126

Arkivoc 2025, part _, 0-0 last name, initials of first author et al.

4. Ramadoss, V.; Nahide, P. D.; Judrez-Ornelas, K. A.; Renteria-Godmez, M.; Ortiz-Alvarado, R.; Solorio-
Alvarado C. R. ARKIVOC. 2016, 4, 385—394.
http://dx.doi.org/10.3998/ark.5550190.p009.631

5. Ramadoss, V.; Alonso-Castro. A. J.; Campos-Xolalpa, N.; Solorio-Alvarado C. R. J. Org. Chem. 2018, 83,
10627-10635.
https://doi.org/10.1021/acs.joc.8b01436

6. Ramadoss, V.; Alonso-Castro. A. J.; Campos-Xolalpa, N. Ortiz-Alvarado, R. Yahuaca-Juarez, B.; Solorio-
Alvarado C. R. RSC Adv. 2018, 8, 30761.
https://doi.org/10.1039/c8ra06676k

7. Ramadoss, V.; Gdmez-Montafo, R.; Zapata-Morales, J. R.; Alonso-Castro. A. J.; Solorio-Alvarado, C. R.
Med. Chem. Res. 2019, 28, 473—-484.
https://doi.org/10.1007/s00044-019-02290-z

8. Segura-Quezada, L. A.; Torres-Carbajal, K. R.; Mali, N.; Patil, D. B.; Luna-Chagolla, M.; Ortiz-Alvarado, R.;
Tapia-Judrez, M.; Fraire-Soto, |.; Araujo-Huitrado, J. G.; Granados-Lépez, A. J.; Gutiérrez-Hernandez, R.;
Reyes-Estrada, C. A.; Lépez-Hernandez, Y.; Lépez, J. A.; Chacdn-Garcia, L.; Solorio-Alvarado C. R. ACS
Omega 2022, 7, 6944—6955.
https://doi.org/10.1021/acsomega.1c06637

9. Fraire-Soto, |.; Araujo-Huitrado, J. G.; Granados-Lépez, A. J.; Segura-Quezada, L. A.; Ortiz-Alvarado, R.;
Herrera, M. D.; Gutiérrez-Herndndez, R.; Reyes-Hernandez, C. A.; Lépez-Herndndez, Y.; Tapia-Judrez, M.;
Negrete-Diaz, J. V.; Chacdén-Garcia, L.; Solorio-Alvarado, C. R.; Lopez J. A. Curr. Med. Chem. 2024, 31,
6306-6318
http://dx.doi.org/10.2174/0109298673292365240422104456

10. Hernandez-Veldzquez, E. D.; Alba-Betancourt, C.; Alonso-Castro, A. J.; Ortiz-Alvarado, R.; Lépez, J. A.;
Meza-Carmen, V.; Solorio-Alvarado, C. R. Bioorg. Med. Chem. Lett. 2023, 86, 129241.
https://doi.org/10.1016/j.bmcl.2023.129241

11. Hernandez-Veldzquez, E. D.; Herrera, M. D.; Alba-Betancourt, C.; Navarro-Santos, P.; Ortiz-Alvarado, R.;
Solorio-Alvarado, C. R. Asian J. Org. Chem. 2023, 12, e202300200.
https://doi.org/10.1002/ajoc.202300200

12. Alonso-Castro, A. J.; Serrano-Vega, R.; Gutiérrez, S. P.; Isiordia-Espinoza, M. A.; Solorio-Alvarado, C. R. J.
Food. Biochem. 2021, 46, e14013.
https://doi.org/10.1111/jfbc.14013

13. Torres-Carbajal, K. R.; Segura-Quezada, L. A.; Ortiz-Alvarado, R.; Chavez-Rivera, R.; Tapia-Judrez, M.;
Gonzalez-Dominguez, M. |.; Ruiz-Padilla, A. J.; Zapata-Morales, J. R.; De Ledn-Solis, C.; Alvarado, C. R.
ChemistrySelect 2022, 7, e202201897.
https://doi.org/10.1002/slct.202201897

14. Segura-Quezada, L. A.; Alba-Betancourt, C.; Chacén-Garcia, L.; Chavez-Rivera, R.; Navarro-Santos, P.;
Ortiz-Alvarado, R.; Tapia-Judrez, M.; Negrete-Diaz, J. V.; Martinez-Morales, J. F.; Deveze-Alvarez, M. A.;
Zapata-Morales, J. R.; Alvarado, C. R. ChemistrySelect 2024, 9, e202303803.
https://doi.org/10.1002/slct.202303803

15. Nahide, P. D.; Solorio-Alvarado, C. R. Tetrahedron Lett. 2016, 58, 279-284.
https://doi.org/10.1016/j.tetlet.2016.11.093

16. Nahide, P. D.; Alba-Betancourt, C.; Chavez-Rivera, R.; Romo-Rodriguez, P.; Solis-Herndndez, M.; Segura-
Quezada, L. A.; Torres-Carbajal, K. R.; Gdmez-Montafio, R.; Deveze-Alvarez, M. A.; Ramirez-Morales, M.
A.; Alonso-Castro, A. J.; Zapata-Morales, J. R.; Ruiz-Padilla, A. J.; Mendoza-Macias, C. L.; Meza-Carmen,
V.; Cortés-Garcia, C. J.; Corrales-Escobosa, A. R.; Nunez-Anita, R. E.; Ortiz-Alvarado, R.; Chacén-Garcia,
L.; Solorio-Alvarado, C. R. Bioor. Med. Chem. Lett. 2022, 63, 128649.
https://doi.org/10.1016/j.bmcl.2022.128649.

Page 27 ©AUTHOR(S)


http://dx.doi.org/10.3998/ark.5550190.p009.631
https://doi.org/10.1021/acs.joc.8b01436
https://doi.org/10.1039/c8ra06676k
https://doi.org/10.1007/s00044-019-02290-z
https://doi.org/10.1021/acsomega.1c06637
http://dx.doi.org/10.2174/0109298673292365240422104456
https://doi.org/10.1016/j.bmcl.2023.129241
https://doi.org/10.1002/ajoc.202300200
https://doi.org/10.1111/jfbc.14013
https://doi.org/10.1002/slct.202201897
https://doi.org/10.1002/slct.202303803
https://doi.org/10.1016/j.tetlet.2016.11.093
https://doi.org/10.1016/j.bmcl.2022.128649

Arkivoc 2025, part _, 0-0 last name, initials of first author et al.

17. Ibarra-Gutiérrez, J. G.; Solorio-Alvarado, C. R.; Chacén-Garcia, L.; Lépez, J. A.; Delgado-Piedra, B. Y.;
Segura-Quezada, L. A.; Hernandez-Veldzquez, E. D.; Garcia-Duefias, A. K. J. Org. Chem. 2024, 89, 17069—
17089.
https://doi.org/10.1021/acs.joc.4c01309

18. Nahide, P. D.; Jiménez-Halla, J. O. C.; Wrobel, K.; Solorio-Alvarado, C. R.; Alvarado, R. O.; Yahuaca-Juarez,
B. Org. Biomol. Chem. 2018, 16, 7330-7335.
https://doi.org/10.1039/c80b02056f

19. McGonigal, P. R.; De Ledn, C.; Wang, Y.; Homs, A.; Solorio-Alvarado, C. R.; Echavarren, A. M. Angew.
Chem. Int. Ed. 2012, 51, 13093-13096.
https://doi.org/10.1002/anie.201207682

20. Solorio-Alvarado, C. R.; Wang, Y.; Echavarren, A. M. J. Am. Chem. Soc. 2011, 133, 11952-11955.
https://doi.org/10.1021/ja205046h

21. Solorio-Alvarado, C. R.; Echavarren, A. M. J. Am. Chem. Soc. 2010, 132, 11881-11883.
https://doi.org/10.1021/ja104743k

22. Jiménez-Nuiez, E.; Raducan, M.; Lauterbach, T.; Molawi, K.; Solorio, C. R.; Echavarren, A. M. Angew.
Chem. Int. Ed. 2009, 48, 6152—-6155.
https://doi.org/10.1002/anie.200902248

23. Nahide, P. D.; Ramadoss, V.; Juarez-Ornelas, K. A.; Satkar, Y.; Ortiz-Alvarado, R.; Cervera-Villanueva, J.
M. J.; Alonso-Castro, A. J.; Zapata-Morales, J. R.; Ramirez-Morales, M. A.; Ruiz-Padilla, A. J.; Deveze-
Alvarez, M. A.; Solorio-Alvarado, C. R. Eur. J. Org. Chem. 2018, 2018, 485-493.
https://doi.org/10.1002/ejoc.201701399

24. Satkar, Y.; Ramadoss, V.; Nahide, P. D.; Garcia-Medina, E.; Juarez-Ornelas, K. A.; Alonso-Castro, A. J.;
Chavez-Rivera, R.; Jiménez-Halla, J. O. C.; Solorio-Alvarado, C. R. RSC Adv. 2018, 8, 17806—-17812.
https://doi.org/10.1039/c8ra02982b

25. Judrez-Ornelas, K. A.; Jiménez-Halla, J. O. C.; Kato, T.; Solorio-Alvarado, C. R.; Maruoka, K. Org. Lett.
2019, 21, 1315-1319.
https://doi.org/10.1021/acs.orglett.8b04141

26. Satkar, Y.; Yera-Ledesma, L. F.; Mali, N.; Patil, D.; Navarro-Santos, P.; Segura-Quezada, L. A.; Ramirez-
Morales, P. |.; Solorio-Alvarado, C. R. J. Org. Chem. 2019, 84, 4149-4164.
https://doi.org/10.1021/acs.joc.9b00161

27. Segura-Quezada, A.; Satkar, Y.; Patil, D.; Mali, N.; Wrobel, K.; Gonzalez, G.; Zarraga, R.; Ortiz-Alvarado,
R.; Solorio-Alvarado, C. R. Tetrahedron Lett. 2019, 60, 1551-1555.
https://doi.org/10.1016/j.tetlet.2019.05.019

28. Yahuaca-Judrez, B.; Gonzalez, G.; Ramirez-Morales, M. A.; Alba-Betancourt, C.; Deveze-Alvarez, M. A.;
Mendoza-Macias, C. L.; Ortiz-Alvarado, R.; Juarez-Ornelas, K. A.; Solorio-Alvarado, C. R.; Maruoka, K.
Synth. Commun. 2020, 50, 539-548.
https://doi.org/10.1080/00397911.2019.1707225

29. Satkar, Y.; Wrobel, K.; Trujillo-Gonzalez, D. E.; Ortiz-Alvarado, R.; Jiménez-Halla, J. O. C.; Solorio-
Alvarado, C. R. Front. Chem 2020, 8, 563470.
https://doi.org/10.3389/fchem.2020.563470

30. Patil, D. B.; Gdmez-Montafio, R.; Ordofiez, M.; Solis-Santos, M.; Jiménez-Halla, J. O. C.; Solorio-Alvarado,
C.R. Eur. J. Org. Chem. 2022, 47, €202201295.
https://doi.org/10.1002/ejoc.202201295

31. Mali, N.; Ibarra-Gutiérrez, J. G.; Fuentes, L. |. L.; Ortiz-Alvarado, R.; Chacén-Garcia, L.; Navarro-Santos,
P.; Jiménez-Halla, J. O. C.; Solorio-Alvarado, C. R. Eur. J. Org. Chem. 2022, 45, e202201067.
https://doi.org/10.1002/ejoc.202201067

32. Segura-Quezada, L. A.; Tapia-Judrez, M.; Barrera-Nava, M. P.; Chacdn-Garcia, L.; Solorio-Alvarado, C. R.
Tetrahedron Lett. 2025, 171, 155801.

Page 28 ©AUTHOR(S)


https://doi.org/10.1021/acs.joc.4c01309
https://doi.org/10.1039/c8ob02056f
https://doi.org/10.1002/anie.201207682
https://doi.org/10.1021/ja205046h
https://doi.org/10.1021/ja104743k
https://doi.org/10.1002/anie.200902248
https://doi.org/10.1002/ejoc.201701399
https://doi.org/10.1039/c8ra02982b
https://doi.org/10.1021/acs.orglett.8b04141
https://doi.org/10.1021/acs.joc.9b00161
https://doi.org/10.1016/j.tetlet.2019.05.019
https://doi.org/10.1080/00397911.2019.1707225
https://doi.org/10.3389/fchem.2020.563470
https://doi.org/10.1002/ejoc.202201295
https://doi.org/10.1002/ejoc.202201067

Arkivoc 2025, part _, 0-0 last name, initials of first author et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45,

46.

47.

48.

49.

50.

https://doi.org/10.1016/j.tetlet.2025.155801

Segura-Quezada, L. A.; Torres-Carbajal, K. R.; Satkar, Y.; Judrez Ornelas, K. A.; Mali, N.; Patil, D. B.; Gdmez-
Montafo, R.; Zapata-Morales, J. R.; Lagunas-Rivera, S.; Ortiz-Alvarado, R.; Solorio-Alvarado, C. R. Mini-
Rev. Org. Chem. 2021, 18, 159-172.

http://dx.doi.org/10.2174/1570193X17999200504095803.

Segura-Quezada, L. A.; Torres-Carbajal, K. R.; Judrez-Ornelas, K. A.; Alonso-Castro, A. J.; Ortiz-Alvarado,
R.; Dohi, T.; Solorio-Alvarado, C. R. Org. Biomol. Chem. 2022, 20, 5009-5034.
https://doi.org/10.1039/D20B00741)

Kikushima, K.; Elboray, E. E.; Jiménez-Halla, J. O. C.; Solorio-Alvarado, C. R.; Dohi, T. Org. Biomol. Chem.
2022, 20, 3231-3248.

https://doi.org/10.1039/D10B02501E

Segura-Quezada, L. A.; Torres-Carbajal, K. R.; Judrez-Ornelas, K. A.; Navarro-Santos, P.; Granados-Ldpez,
A. J.; Gonzalez-Garcia, G.; Ortiz-Alvarado, R.; de Ledn-Solis, C.; Solorio-Alvarado, C. R. Curr. Org. Chem.
2022, 26, 1954-1968.

https://doi.org/10.2174/1385272826666220621142211

Chavez-Rivera, R.; Navarro-Santos, P.; Chacén-Garcia, L.; Ortiz-Alvarado, R.; Solorio Alvarado, C. R.
ChemistrySelect 2023, 8, e202303425.

https://doi.org/10.1002/slct.202303425

Barrera-Nava, M. P.; Segura-Quezada, L. A.; Ibarra-Gutiérrez, J. G.; Chavez-Rivera, R.; Ortiz-Alvarado, R.;
Solorio-Alvarado, C. R. Tetrahedron 2024, 166, 134203.

https://doi.org/10.1016/j.tet.2024.134203

Ronnest, M. H.; Raab, M. S.; Anderhub, S.; Boesen, S.; Krkramer, A.; Larsen, T. O.; Clausen, M. H. J. Med.
Chem. 2012, 55, 652-660.

https://pubs.acs.org/doi/10.1021/jm200835¢c

Boger, D. L. Med. Res. Rev. 2001, 21, 356—-381.

https://doi.org/10.1002/med.1019

Liu, L.; Liu, S.; lJiang, L; Chen, X.; Guo, L. Che, Y. Org. Lett. 2008, 10, 1397-1400.
https://pubs.acs.org/doi/10.1021/01800136t

Liu, L.; Li, Y.; Liu, S.; Zheng, Z.; Chen, X.; Zhang, H.; Guo, L.; Che, Y. Org. Lett. 2009, 11, 2836—2839.
https://doi.org/10.1021/01901039m

Liu, L.; Bruhn, T.; Guo, L.; Gotz, D. C. G.; Brun, R.; Stich, A.; Che, Y.; Bringmann, G. Chem. Eur. J. 2011, 17,
2604-2613.

https://doi.org/10.1002/chem.201003129

Krieger, R. Hayes’ Handbook of Pesticide Toxicology; Vol. 1; Elsevier: London, 1991.

La Regina, G.; D’Auria, F. D.; Tafi, A.; Piscitelli, F.; Olla, S.; Caporuscio, F.; Nencioni, L.; Cirilli, R.; La Torre,
F.; Rodrigues De Melo, N.; Kelly, S. L.; Lamb, D. C.; Artico, M.; Botta, M.; Palamara, A. T.; Silvestri, R. J.
Med. Chem. 2008, 51, 3841—-3855.

https://doi.org/10.1021/jm800009r

Tang, M. L.; Bao, Z. Chem. Mater. 2011, 23, 446—-455.

https://doi.org/10.1021/cm102182x

Jaeger, D. A.; Clennan, M. W.; Leyden, D. E.; Murthy, R. S. S. Tetrahedron Lett. 1987, 28, 4805-4808.
https://doi.org/10.1016/50040-4039(00)96630-9

Watson, W. D. J. Org. Chem. 1985, 50, 2145-2148.

https://doi.org/10.1021/jo00211a025

De Kimpe, N.; De Bucyk, L.; Verhé, R.; Wychuyse, F.; Schamp, N. Synth. Commun. 1979, 9, 575-582.
https://doi.org/10.1080/00397917908066703

Radhakrishnmurti, P. S.; Sahu, S. N. Indian J. Chem., Sect. B 1978, 168, 81-82.

Page 29 ©AUTHOR(S)


https://doi.org/10.1016/j.tetlet.2025.155801
http://dx.doi.org/10.2174/1570193X17999200504095803
https://doi.org/10.1039/D2OB00741J
https://doi.org/10.1039/D1OB02501E
https://doi.org/10.2174/1385272826666220621142211
https://doi.org/10.1002/slct.202303425
https://doi.org/10.1016/j.tet.2024.134203
https://pubs.acs.org/doi/10.1021/jm200835c
https://doi.org/10.1002/med.1019
https://pubs.acs.org/doi/10.1021/ol800136t
https://doi.org/10.1021/ol901039m
https://doi.org/10.1002/chem.201003129
https://doi.org/10.1021/jm800009r
https://doi.org/10.1021/cm102182x
https://doi.org/10.1016/S0040-4039(00)96630-9
https://doi.org/10.1021/jo00211a025
https://doi.org/10.1080/00397917908066703

Arkivoc 2025, part _, 0-0 last name, initials of first author et al.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Gruter, G. J. M.; Akkerman, O. S.; Bickelhaupt, F. J Org. Chem. 1994, 59, 4473-4481.
https://doi.org/10.1021/jo00095a041

Sharma, S. K. Res. J. Chem. Sci. 2015, 5, 54-73.

Maddox, S. M.; Nalbandian, C. J.; Smith, D. E.; Gustafson, J. L. Org. Lett. 2015, 17, 1042-1045.
https://doi.org/10.1021/acs.orglett.5b00189

Sun, X.; Shan, G.; Sun, Y.; Rao, Y. Angew. Chem. Int. Ed. 2013, 52, 4440-4444; Angew. Chem. 2013, 125,
4536-4540.

https://doi.org/10.1002/anie.201300176

Zhang, Y.; Shibatomi, K.; Yamamoto, H. Synlett 2005, 18, 2837—-2842.
https://doi.org/10.1055/s-2005-872197

Yu, Q.; Hu, L; Wang, Y.; Zheng, S.; Huang, J. Angew. Chem. Int. Ed. 2015, 54, 15284-15288.
https://doi.org/10.1002/anie.201507100

Zhang, P.; Hong, L; L, G. Wang, R. Adv. Synth. Catal. 2015, 357, 345-349.
https://doi.org/10.1002/adsc.201400883

Huang, C.; Chernyak, N.; Dudnik, A. S.; Gevorgyan, V. Adv. Synth. Catal. 2011, 353, 1285-1305.
https://doi.org/10.1002/adsc.201000975

Jafarpour, F.; Hazrati, H.; Zarei, S.; lzadidana, S. Synthesis 2014, 46, 1224-1228.
https://doi.org/10.1055/s-0033-1340029

Santra, S. K.; Banerjee, A.; Mohanta, P. R.; Patel, B. K. J. Org. Chem. 2016, 81, 6066—-6074.
https://doi.org/10.1021/acs.joc.6b01170

Mainbunkaew, T.; Thongsornkleeb, C.; Tummatorn, J.; Bunrit, A.; Ruchirawat, S. Synlett 2014, 25, 1769—-
1775. https://doi.org/10.1055/s-0033-1341248

Bose, A.; Mal, P. Tetrahedron Lett. 2014, 55, 2154-2156.

https://doi.org/10.1016/j.tetlet.2014.02.063

Tale, N. P.; Shelke, A. V., Karade, N. N. Synth. Commun. 2012, 42, 2959-2965
https://doi.org/10.1080/00397911.2011.573172

Gnaim, J. M.; Sheldon, R. A. Tetrahedron Lett. 2004, 45, 9397-9399.
https://doi.org/10.1016/j.tetlet.2004.10.109.

Xion, X.; Yeung, Y.-Y. Angew. Chem. Int. Ed. 2016, 55, 16101-16105; Angew. Chem. 2016, 128, 16335—
16339.

https://doi.org/10.1002/anie.201607388

Saper, N. |.; Snider, B. B. J. Org. Chem. 2014, 79, 809—-813.

https://doi.org/10.1021/jo402424h

Boltz, M.; Losch, P.; Louis, B.; Rioland, G.; Tzanis, L.; Daou, T. J. RSC Adv. 2014, 4, 27242-27249.
https://doi.org/10.1039/C4RA02747G

Mendoncga, G. F.; Bastos, A. R.; Boltz, M.; Louis, B.; Pale, P.; Esteves, P. M.; Mattos, M. C. S. Appl. Catal.
A 2013, 460, 46-51.

https://doi.org/10.1016/j.apcata.2013.04.017

Leyva-Pérez, A.; Combita-Merchan, D.; Cabrero-Antonino, J. R.; Al-Resayes, S. I.; Corma, A. ACS Catal.
2013, 3, 250-258.

https://doi.org/10.1021/cs300644s

Rodriguez, R. A.; Chung-Mao, P.; Yabe, Y.; Kawamata, Y.; Eastgate, M. D.; Baran, P. S. J. Am. Chem. Soc.
2014, 136, 6908-6911.

https://doi.org/10.1021/ja5031744

Binhua, L.; Xiaomin, C.; Chaozhong, L. Chin. J. Chem. 2011, 29, 2809-2812.
https://doi.org/10.1002/cjoc.201180447

Lu, Z.; Li, Q.; Tang, M.; Jiang, P.; Zheng, H.; Yang, X. Chem. Commun. 2015, 51, 14852-14855.
https://doi.org/10.1039/C5CCO5052A

Page 30 ©AUTHOR(S)


https://doi.org/10.1021/jo00095a041
https://doi.org/10.1021/acs.orglett.5b00189
https://doi.org/10.1055/s-2005-872197
https://doi.org/10.1002/anie.201507100
https://doi.org/10.1002/adsc.201400883
https://doi.org/10.1002/adsc.201000975
https://doi.org/10.1055/s-0033-1340029
https://doi.org/10.1021/acs.joc.6b01170
https://doi.org/10.1055/s-0033-1341248
https://doi.org/10.1016/j.tetlet.2014.02.063
https://doi.org/10.1080/00397911.2011.573172
https://doi.org/10.1016/j.tetlet.2004.10.109
https://doi.org/10.1002/anie.201607388
https://doi.org/10.1021/jo402424h
https://doi.org/10.1039/C4RA02747G
https://doi.org/10.1016/j.apcata.2013.04.017
https://doi.org/10.1021/cs300644s
https://doi.org/10.1021/ja5031744
https://doi.org/10.1002/cjoc.201180447
https://doi.org/10.1039/C5CC05052A

Arkivoc 2025, part _, 0-0 last name, initials of first author et al.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Moon, B. S.; Choi, H. Y.; Koh, H. Y.; Chi, D. Y. Bull. Korean Chem. Soc. 2011, 32, 472-476.
https://doi.org/10.5012/bkcs.2011.32.2.472

Mizuno, N.; Kamata, K.;  Yamaguchi, K. Catal. Today 2012, 185, 157-161.
https://doi.org/10.1016/j.cattod.2011.11.037

Shi, L.; Zhang, D.; Lin, R.; Zhang, C.; Li, X.; Jiao, N. Tetrahedron Lett. 2014, 55, 2243-2245.
https://doi.org/10.1016/.tetlet.2014.02.066

Hering, T.; Muhldorf, B.; Wolf, R.; Kbnig, B. Angew. Chem. Int. Ed. 2016, 55, 5342-5345; Angew. Chem.
2016, 128, 5428-5431.

https://doi.org/10.1002/anie.201600783

Hering, T.; Kbnig, B. Tetrahedron 2016, 72, 7821-7825.

https://doi.org/10.1016/j.tet.2016.09.028

C. Willgerodt, J. Prakt. Chem., 1885, 33, 154-160.

https://doi.org/10.1002/prac.18860330117

Xu, D.; Sun, W.-W.; Xie, Y.; Liu, J.-K.; Liu, B.; Zhou, Y.; Wu, B. J. Org. Chem. 2016, 81, 11081-11094.
https://doi.org/10.1021/acs.joc.6b02078

Jiang, X.; Yang, L.; Yang, W.; Zhu, Y.; Fang, L.; Yu, C. Org. Biomol. Chem. 2019, 17, 6920-6924.
https://doi.org/10.1039/C90B01173K

Fosu, S. C.; Hambira, M. C.; Chen, A. D.; Fuchs, J. R.; Nagib, D. A. Chem. 2019, 5, 417-428.
https://doi.org/10.1016/j.chempr.2018.11.007

Yang, F.; Wang, X.; Zhao, W.; Yu, F.,; Yu, Z ACS Omega 2021, 6, 34044-34055.
https://doi.org/10.1021/acsomega.1c05455

83. Sket, B.; Zupan, M.; Zupet, P. Tetrahedron 1984, 40, 1603—-1606.

https://doi.org/10.1016/5S0040-4020(01)91811-3

84. Chen, J. M.; Zeng, X. M.; Middleton, K.; Zhdankin, V. V. Tetrahedron Lett. 2011, 52, 1952—-1955.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

https://doi.org/10.1016/|.tetlet.2011.02.064

Thorat, P. B.; Bhong, B. Y.; Karade, N. N. Synlett 2013, 24, 2061-2066.
https://doi.org/10.1055/s-0033-1339934

Wang, M.; Zhang, Y.; Wang, T.; Wang, C.; Xue, D.; Xiao, J. Org. Lett. 2016, 18, 1976-1979.
https://doi.org/10.1021/acs.orglett.6b00547

Kita, Y.; Gyoten, M.; Ohtsubo, M.; Tohma, H.; Takada, T. Chem. Commun., 1996, 1481-1482.
https://doi.org/10.1039/cc9960001481.

Nelson, A. H. The Handbook of Environmental Chemistry, ed. Springer, 2003, vol. 3R.
https://doi.org/10.1007/b 10445.

Wagner, C.; El Omari, M.; Konig, G. M., J. Nat. Prod. 2009, 72, 540-543.
https://doi.org/10.1021/np800651m

Neumann, C. S.; Fujimori, D. C.; Walsh, C. T.; Chem. Biol. 2008, 15, 99-109.
https://doi.org/10.1016/j.chembiol.2008.01.006

Benkendroff, K. Mar. Drugs. 2013, 11, 1370-1398.

https://doi.org/10.3390/md11041370

Gobinath, M.; Subramanian, N.; Alagarsamy, V. J. Saudi Chem. Soc. 2015, 19, 282-286.
https://doi.org/10.1016/j.jscs.2012.02.006

Jain, A.; Duvvuri, L. S.; Farah, S.; Beyth, N.; Domb, A. J.; Khan, W. Adv. Healthcare Mater., 2014, 3,
1969-1985.

https://doi.org/10.1002/adhm.201400418

Wang, J. ; Sanchez-Roselld, M. ; Acefia, J. L. ; Del Pozo, C. ; Sorochinsky, A. E. ; Fustero, S. ; Soloshonok V.
A.; Liu, H. Chem. Rev. 2014, 114, 2432-2506.

https://doi.org/10.1021/cr4002879

Christophersen, S. Toxicol. Lett. 2000, 127, 112-113.

Page 31 ©AUTHOR(S)


https://doi.org/10.5012/bkcs.2011.32.2.472
https://doi.org/10.1016/j.cattod.2011.11.037
https://doi.org/10.1016/j.tetlet.2014.02.066
https://doi.org/10.1002/anie.201600783
https://doi.org/10.1016/j.tet.2016.09.028
https://doi.org/10.1002/prac.18860330117
https://doi.org/10.1021/acs.joc.6b02078
https://doi.org/10.1039/C9OB01173K
https://doi.org/10.1016/j.chempr.2018.11.007
https://doi.org/10.1021/acsomega.1c05455
https://doi.org/10.1016/S0040-4020(01)91811-3
https://doi.org/10.1016/j.tetlet.2011.02.064
https://doi.org/10.1055/s-0033-1339934
https://doi.org/10.1021/acs.orglett.6b00547
https://doi.org/10.1039/cc9960001481
https://doi.org/10.1007/b%2010445
https://doi.org/10.1021/np800651m
https://doi.org/10.1016/j.chembiol.2008.01.006
https://doi.org/10.3390/md11041370
https://doi.org/10.1016/j.jscs.2012.02.006
https://doi.org/10.1002/adhm.201400418
https://doi.org/10.1021/cr4002879

Arkivoc 2025, part _, 0-0 last name, initials of first author et al.

https://doi.org/10.1016/s0378-4274(99)00205-2
96. Donohue, S. R.; Dannals, R. F.; Halldin, C.; Pike, V. W. J. Med. Chem. 2011, 54, 2961-2970.
https://doi.org/10.1021/jm2000536
97. Hu, F. ; Patel, M. ; Luo, F. ; Flach, C. ; Mendelson, R. ; Garfunkel, E. ; He, H. ; Szostak, M. J. Am. Chem. Soc.
1995, 137, 14473-14480.
https://doi.org/10.1021/cr00039a007
98.Li, J. H.; Liang, Y.; Xie, Y. X. Tetrahedron. Lett. 2005, 61, 7289-7293.
https://doi.org/10.1016/j.tet.2005.04.073
99. Negishi, E. Acc. Chem. Res. 1982, 15, 340-348.
https://doi.org/10.1021/ar00083a001
100. Ziegler, C. B. ; Heck, R. F. J. Org. Chem. 1978, 34, 2941-2946.
https://doi.org/10.1021/jo00409a001
101. Chinchilla, R. ; Najera, C. Chem. Rev. 2007, 107, 874-922.
https://doi.org/10.1021/cr050992x
102. Teskey, C.J.; Lui, AY.W.; Greaney, M.F. Angew. Chem. Int. Ed., 2015, 54, 11677-11680.
https://doi.org/10.1002/anie.201504390
103. Zhang, T.; Qi, X.; Liu, S.; Bai, R.; Liu C.; Lan, Y. Chem. Eur. J. 2017, 23, 2690-2699.
https://doi.org/10.1002/chem.201605188
104. Taninouchi, Y.; Fujii, R.; Sunagawa, K.; Okabe, T. H.; Nakano, H. Metall Mater Trans B 2024, 55, 4970—-
4980.
https://doi.org/10.1007/s11663-024-03282-0.
105. Mendoaza, F. ; Ruiz-guerrero, R. ; Hernandez-Fuentes, C. ; Molina, P ; Norzagaray-Campos M. ; Reguere,
E. Tetrahedron Lett. 2016, 57, 5644-5648.
https://doi.org/10.1016/j.tetlet.2016.11.011
106. Islam, S. M. ; Molla, R. A.; Roy, A. S.; Ghosh, K. ; Salam, N. ; Iqubal M. A.; Tuhina, K. J. Organomet.
Chem. 2014, 761, 169-178.
https://doi.org/10.1016/j.jorganchem.2014.03.009
107. Liu, W. ; Chen, J.; Jin, R.; Xu, D.; Li, Y.; Ba, F.; Gu, G. ; Kuang Y.; Guo, H. Org. Chem. Front. 2016, 3,
852-855.
https://doi.org/10.1039/c6qo00117c
108.Li, X. E.; Wu, W.; Fan, X. H.; Yang, L M. RSC Adv. 2013, 3, 12091-12095.
https://doi.org/10.1039/c3ra41664|
109. Yang, Q.-L.; Wang, X.-Y.; Wang, T.-L.; Yang, X.; Liu, D.; Tong, X.; Wu, X.-Y.; Mei, T.-S. Org. Lett. 2019, 21,
8, 2645-2649.
https://doi.org/10.1021/acs.orglett.9000629
110. Mo, F.; Yan, J. M. ; Qiu, D.; Li, F.; Zhang, Y.; Wang, J. Angew. Chem. Int. Ed. 2010, 49, 2028-2032.
https://doi.org/10.1002/anie.200906699
111. Xiong, Y.; Tan, F.; Yeung, Y. Y. Org. Lett. 2017, 19, 4243-4246.
https://doi.org/10.1021/acs.orglett.7b01899
112. Pingali, S. R.; Madhav, M.; lJursic,c B. S. Tetrahedron Lett. 2010, 51, 1383-1385.
https://doi.org/10.1016/j.tetlet.2010.01.002
113. Ren, Y. L.; Wang, B.; Tian, X. E.; Zhao S.; Wang, J. Tetrahedron Lett. 2010, 56, 6452—6455.
https://doi.org/10.1016/j.tetlet.2015.09.150
114. Badhani, G.; Shubham; Biramya, V. M.; Adimurthy, S. J. Org. Chem. 2024, 89, 10760-10772.
https://doi.org/10.1021/acs.joc.4c00995.
115. Delgado-Abad, T.; Ferrer, M. J. ; Reig-Lépez, J. ; Mello, R. ; Acerete, R. ; Asensio G. ; Gonzalez-Nuiiéz,
M. E. RSC Adv. 2014, 4,51016-51021.
https://doi.org/10.1039/c4ral0557¢e

Page 32 ©AUTHOR(S)


https://doi.org/10.1016/s0378-4274(99)00205-2
https://doi.org/10.1021/jm2000536
https://doi.org/10.1021/cr00039a007
https://doi.org/10.1016/j.tet.2005.04.073
https://doi.org/10.1021/ar00083a001
https://doi.org/10.1021/jo00409a001
https://doi.org/10.1021/cr050992x
https://doi.org/10.1002/anie.201504390
https://doi.org/10.1002/chem.201605188
https://doi.org/10.1007/s11663-024-03282-0
https://doi.org/10.1016/j.tetlet.2016.11.011
https://doi.org/10.1016/j.jorganchem.2014.03.009
https://doi.org/10.1039/c6qo00117c
https://doi.org/10.1039/c3ra41664j
https://doi.org/10.1021/acs.orglett.9b00629
https://doi.org/10.1002/anie.200906699
https://doi.org/10.1021/acs.orglett.7b01899
https://doi.org/10.1016/j.tetlet.2010.01.002
https://doi.org/10.1016/j.tetlet.2015.09.150
https://doi.org/10.1021/acs.joc.4c00995
https://doi.org/10.1039/c4ra10557e

Arkivoc 2025, part _, 0-0 last name, initials of first author et al.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Nishina Y. ; Takami, K. Green Chem. 2012, 14, 2380—-2383.

https://doi.org/10.1039/c2gc35821b

Liang, D.; Li, X.; Wang, C.; Dong, Q. ; Wang, B.; Wang, H. Tetrahedron Lett. 2016, 57, 5390-5394.
https://doi.org/10.1016/j.tetlet.2016.10.092

Podgorsek, A.; Stavber, S.; Zupan M.; Iskra, J. Tetrahedron Lett. 2009, 65, 4429-4439.
https://doi.org/10.1016/j.tet.2009.03.034

Song, S.; Sun, X.; L, X.; Yuan, Y.; lJiao, N. Org. Lett. 2015, 17, 2886—2889.
https://doi.org/10.1021/acs.orglett.5b00932

Hou, J.; L, Z.; Xia, X. D.; Liu Z Q. Synth. Commun. 2014, 44, 181-187.
https://doi.org/10.1080/00397911.2013.796523

Evans P. A.; Brandt, T. A. J. Org. Chem. 1997, 62, 5321-5326.

https://doi.org/10.1021/jo970525i

Braddock, D. C. ; Cansell, G. ; Hermitage, S. A. Synlett. 2004, 3, 461-464.
https://doi.org/10.1055/s-2004-815410

Zhou Z. ; He, H. Synthesis. 2011, 2, 207-209.

https://doi.org/10.1055/s-0030-1258350

Granados, A.; Shafir, A.; Arrieta, A.; Cossio, F. P.; Vallribera, A. J. Org. Chem. 2020, 85, 2142.
https://doi.org/10.1021/acs.joc.9b02784

Ivanov, A. S.; Popov, I. A.; Boldyrev, A. I.; Zhdankin, V. V. Angew. Chem. Int. Ed. 2014, 53, 9617-9621.
https://doi.org/10.1002/anie.201405142.

Schardt, B. C.; Hill, C. L. Inorg. Chem. 1983, 22, 1563—-1565.

https://doi.org/10.1021/ic00152a030

Ochiai, M.; Miyamoto, K.; Shiro, M.; Ozawa, T.; Yamaguchi, K. J. Am. Chem. Soc. 2003, 125, 13006—
13007.

https://doi.org/10.1021/ja0377899.

Moriarty, R. M.; Duncan, M. P.; Prakash, O. J. Chem. Soc., Perkin Trans. 1, 1987, 1781-1784.
https://doi.org/10.1039/p19870001781.

Juarez-Ornelas, K. A.; Solis-Hernandez, M.; Navarro-Santos, P.; Jiménez-Halla, J. O. C.; Solorio-Alvarado,
C. R. Beilstein J. Org. Chem. 2024, 20, 1580-1589.

https://doi.org/10.3762/bjoc.20.141

Gaussian 16, Revision C.01; Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A;
Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuiji, H.; Li, X.; Caricato, M.; Marenich,
A.V.; Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J. V.; Izmaylov, A. F.;
Sonnenberg, J. L.; Williams, R. F.; Ding, F.; Lipparini, F.; Egidi, F.; Goings, J.; Peng, B.; Petrone, A.;
Henderson, T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng, G.; Liang, W.; Hada, M.; Ehara,
M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven,
T.; Throssell, K.; Montgomery, J. A, Ir.; Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J. J.; Brothers, E.
N.; Kudin, K. N.; Staroverov, V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.
P.; Burant, J. C.; lyengar, S. S.; Tomasi, J.; Cossi, M.; Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J. Gaussian, Inc.:
Wallingford, CT, 2016.

Chai, J.-D.; Head-Gordon, M. Phys. Chem. Chem. Phys. 2008, 10, 6615—-6620.
https://doi.org/10.1039/B810189B

Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. B 2009, 113, 6378—6396.
https://doi.org/10.1021/jp810292n

Barone, V.; Cossi, M. J. Phys. Chem. A 1998, 102, 1995-2001.

Page 33 ©AUTHOR(S)


https://doi.org/10.1039/c2gc35821b
https://doi.org/10.1016/j.tetlet.2016.10.092
https://doi.org/10.1016/j.tet.2009.03.034
https://doi.org/10.1021/acs.orglett.5b00932
https://doi.org/10.1080/00397911.2013.796523
https://doi.org/10.1021/jo970525i
https://doi.org/10.1055/s-2004-815410
https://doi.org/10.1055/s-0030-1258350
https://doi.org/10.1021/acs.joc.9b02784
https://doi.org/10.1002/anie.201405142
https://doi.org/10.1021/ic00152a030
https://doi.org/10.1021/ja0377899
https://doi.org/10.1039/p19870001781
https://doi.org/10.3762/bjoc.20.141
https://doi.org/10.1039/B810189B
https://doi.org/10.1021/jp810292n

Arkivoc 2025, part _, 0-0 last name, initials of first author et al.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.
145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

https://doi.org/10.1021/jp9716997

Cossi, M.; Barone, V.; Mennucci, B.; Tomasi, J. Chem. Phys. Lett. 1998, 286, 253-260.
https://doi.org/10.1016/S0009-2614(98)00106-7

Barone, V.; Cossi, M.; Tomasi, J. J. Comput. Chem. 1998, 19, 404-417.
https://doi.org/10.1002/(SICI)1096-987X(199803)19:4%3C404::AID-JCC3%3E3.0.CO;2-W
Tomasi, J.; Mennucci, B.; Cammi, R. Chem. Rev. 2005, 105, 2999-3094
https://doi.org/10.1021/cr9904009

Neilson, A. H., Ed. Organic Bromine and lodine Compounds; Springer: Heidelberg, 2003.
Guzii, A. G.; Makarieva, T. N.; Denisenko, V. A.; Dmitrenok, P. S.; Burtseva, Y. V.; Krasokhin, V. B.;
Stonik, V. A. Tetrahedron Lett. 2008, 49, 7191-7193.
https://doi.org/10.1016/.tetlet.2008.10.007

Iguchi, K.; Kaneta, S.; Mori, K.; Yamada, Y.; Honda, A.; Mori, Y. J. Chem. Soc., Chem. Commun., 1986,
981-982.

https://doi.org/10.1039/C39860000981

Roy, G.; Nethaji, M.; Mugesh, G. Org. Biomol. Chem. 2006, 4, 2883- 2887.
https://doi.org/10.1039/C39860000981

Larsen, P. R. J. Clin. Endocrinol. Metab. 1975, 41, 1098-1104.
https://doi.org/10.1039/B604060H

Ihssen, J.; Schubert, M.; Thény-Meyer, L.; Richter, M. PLoS ONE 2014, 9, e89924.
https://doi.org/10.1371/journal.pone.0089924.

Antimicrobial Agents. Advances in Structure and Activity Relationship of Cumarin Derivatives; Penta,
S., Ed.; Academic Press, 2016.

Silva, L. F., Jr.; Olofsson, B. Nat. Prod. Rep. 2011, 28, 1722-1754. https://doi.org/10.1039/C1NP00028D
Merritt, E. A.; Olofsson, B. Angew. Chem., Int. Ed. 2009, 48, 9052-9070.
https://doi.org/10.1002/anie.200904689

Sampson, P. J. Am. Chem. Soc. 1998, 120, 11836-11837.
https://doi.org/10.1021/ja985656v

Wang, L.; Ackermann, L. Chem. Commun. 2014, 50, 1083-1085.
https://doi.org/10.1039/C3CC47852A

Zhou, C,; Li, J.; Peddibhotla, S.; Romo, D. Org. Lett. 2010, 12, 2104-2107.
https://doi.org/10.1021/01100587]

Kalyani, D.; Dick, A. R.; Anani, W. Q.; Sanford, M. S. Org. Lett. 2006, 8, 2523-2526.
https://doi.org/10.1021/0l060747f

Branytska, O. V.; Neumann, R. J. Org. Chem. 2003, 68, 9510-9512.
https://doi.org/10.1021/j0035271h

Orito, K.; Hatakeyama, T.; Takeo, M.; Suginome, H. Synthesis 1995, 10, 1273-1277.
https:///doi.org/10.1055/s-1995-4089

Racys, D. T.; Warrilow, C. E.; Pimlott, S. L.; Sutherland, A. Org. Lett. 2015, 17, 4782-4785.
https://doi.org/10.1021/acs.orglett.5b02345

Das, B.; Krishnaiah, M.; Venkateswarlu, K.; Reddy, V. S. Tetrahedron Lett. 2007, 48, 81— 83.
https://doi.org/10.1016/j.tetlet.2006.11.009

Janjetovic, M.; Ekebergh, A.; Traff, A. M.; Hilmersson, G. Org. Lett. 2016, 18, 2804- 2807.
https://doi.org/10.1021/acs.orglett.6b01022

Racys, D. T.; Sharif, S. A. I.; Pimlott, S. L.; Sutherland, A. J. Org. Chem. 2016, 81, 772-780.

Page 34 ©AUTHOR(S)


https://doi.org/10.1021/jp9716997
https://doi.org/10.1016/S0009-2614(98)00106-7
https://doi.org/10.1002/(SICI)1096-987X(199803)19:4%3C404::AID-JCC3%3E3.0.CO;2-W
https://doi.org/10.1021/cr9904009
https://doi.org/10.1016/j.tetlet.2008.10.007
https://doi.org/10.1039/C39860000981
https://doi.org/10.1039/C39860000981
https://doi.org/10.1039/B604060H
https://doi.org/10.1371/journal.pone.0089924
https://doi.org/10.1039/C1NP00028D
https://doi.org/10.1002/anie.200904689
https://doi.org/10.1021/ja985656v
https://doi.org/10.1039/C3CC47852A
https://doi.org/10.1021/ol100587j
https://doi.org/10.1021/ol060747f
https://doi.org/10.1021/jo035271h
https://doi.org/10.1055/s-1995-4089
https://doi.org/10.1021/acs.orglett.5b02345
https://doi.org/10.1016/j.tetlet.2006.11.009
https://doi.org/10.1021/acs.orglett.6b01022

Arkivoc 2025, part _, 0-0 last name, initials of first author et al.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

https://doi.org/10.1021/acs.joc.5b02761

Badri, R.; Gorjizadeh, M. Chin. Chem. Lett. 2009, 20, 1439-1443.
https://doi.org/10.1016/j.cclet.2009.06.017

Patil, A. M.; Kamble, D. A.; Lokhande, P. D. ChemistrySelect 2017, 2, 8418-8422.
https://doi.org/10.1002/slct.201701645

Vibhute, A.; Mokle, S.; Karamunge, K.; Gurav, V.; Vibhute, Y. Chin. Chem. Lett. 2010, 21, 914-918.
https://doi.org/10.1016/j.cclet.2010.04.008

Pavlinac, J.; Zupan, M.; Stavber, S. Org. Biomol. Chem. 2007, 5, 699-707.
https://doi.org/10.1039/B614819K

Noda, Y.; Kashima, M. Tetrahedron Lett. 1997, 38, 6225-6228.
https://doi.org/10.1016/S0040-4039(97)01431-7

Narender, N.; Reddy, K. S. K.; Mohan, K. V. V. K.; Kulkarni, S. J. Tetrahedron Lett. 2007, 48, 6124-6128.
https://doi.org/10.1016/.tetlet.2007.06.138

Edgar, K. J.; Falling, S. N. J. Org. Chem. 1990, 55, 5287-5291.
https://doi.org/10.1021/jo00305a026

Lista, L.; Pezzella, A.; Napolitano, A.; d’Ischia, M. Tetrahedron 2008, 64, 234-239.
https://doi.org/10.1016/j.tet.2007.10.062

Hubig, S. M.; Jung, W.; Kochi, J. K. J. Org. Chem. 1994, 59, 6233-6244.
https://doi.org/10.1021/jo00100a025

Bailey, L.; Handy, S. T. Tetrahedron Lett. 2011, 52, 2413-2414.
https://doi.org/10.1016/j.tetlet.2011.03.010

Barluenga, J.; Gonzalez, J. M.; Garcia-Martin, M. A.; Campos, P. J.; Asensio, G. J. Org. Chem. 1993, 58,
2058-2060.

https://doi.org/10.1021/j000060a020

Castanet, A. S.; Colobert, F.; Broutin, P. E. Tetrahedron Lett. 2002, 43, 5047-5048.
https://doi.org/10.1016/S0040-4039(02)01010-9

Olah, G. A.; Wang, Q.; Sandford, G.; Prakash, G. K. S. J. Org. Chem. 1993, 58, 3194-3195.
https://doi.org/10.1021/jo00063a052

Tang, R.-J.; Milcent, T.; Crousse, B. J. Org. Chem. 2018, 83, 930-938.
https://doi.org/10.1021/acs.joc.7b02920

Sun, K.; Lv, Y.; Wang, J.; Sun, J.; Liu, L.; Jia, M.; Liu, X.; Li, Z.; Wang, X. Org. Lett. 2015, 17, 4408-4411.
https://doi.org/10.1021/acs.orglett.5b01857

Moorthy, J. N.; Senapati, K.; Kumar, S. J. Org. Chem. 2009, 74, 6287-6290.
https://doi.org/10.1021/j09007892

Spyroudis, S.; Tarantili, P. Tetrahedron 1994, 50, 11541- 11552.
https://doi.org/10.1002/ejoc.200300317

Wang, B.; Graskemper, J. W.; Qin, L.; DiMagno, S. G.. Angew. Chem., Int. Ed. 2010, 49, 4079-4083.
https://doi.org/10.1002/anie.201000695

Sajith, P. K.; Suresh, C. H. Inorg. Chem. 2013, 52, 6046-6065.

https://doi.org/10.1021/ic400399v

Mekhman, S.; Elena, A.; Viktor, V. Synth. Commun. 2007, 37, 1259-1265.
https://doi.org/10.1080/00397910701216039

Bhilare, S. V.; Deorukhkar, A. R.; Darvatkar, N. B.; Salunkhe, M. M. Synth. Commun. 2008, 38, 2881—
2888. https://doi.org/10.1080/00397910801979395

Page 35 ©AUTHOR(S)


https://doi.org/10.1021/acs.joc.5b02761
https://doi.org/10.1016/j.cclet.2009.06.017
https://doi.org/10.1002/slct.201701645
https://doi.org/10.1016/j.cclet.2010.04.008
https://doi.org/10.1039/B614819K
https://doi.org/10.1016/S0040-4039(97)01431-7
https://doi.org/10.1016/j.tetlet.2007.06.138
https://doi.org/10.1021/jo00305a026
https://doi.org/10.1016/j.tet.2007.10.062
https://doi.org/10.1021/jo00100a025
https://doi.org/10.1016/j.tetlet.2011.03.010
https://doi.org/10.1021/jo00060a020
https://doi.org/10.1016/S0040-4039(02)01010-9
https://doi.org/10.1021/jo00063a052
https://doi.org/10.1021/acs.joc.7b02920
https://doi.org/10.1021/acs.orglett.5b01857
https://doi.org/10.1021/jo9007892
https://doi.org/10.1002/ejoc.200300317
https://doi.org/10.1002/anie.201000695
https://doi.org/10.1021/ic400399v
https://doi.org/10.1080/00397910701216039
https://doi.org/10.1080/00397910801979395

Arkivoc 2025, part _, 0-0 last name, initials of first author et al.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

Shinde, A. T.; Zangade, S. B.; Chavan, S. B.; Vibhute, A. Y.; Nalwar, Y. S.; Vibhute, Y. B. Synth. Commun.
2010, 40, 3506—-3513.

https://doi.org/10.1080/00397910903457332

Krassowska-Swiebocka, B.; Lulinski, P.; Skulski, L. Synthesis 1995, 8, 926—-928.
https://doi.org/10.1055/s-1995-4044

Lulinski, P.; Skulski, L. Bull. Chem. Soc. Jpn. 1997, 70, 1665-1669.
https://doi.org/10.1246/bcs|.70.1665

Lista, L.; Pezzella, A.; Napolitano, A.; d’Ischia, M. Tetrahedron Lett. 2008, 64, 234-239.
https://doi.org/10.1016/j.tet.2007.10.062

Monnereau, C.; Blart, E.; Odobel, F. Tetrahedron Lett. 2005, 46, 5421-5423.
https://doi.org/10.1016/j.tetlet.2005.05.117

Bovonsombat, P.; Lorpaiboon, W.; Laoboonchai, S.; Sriprachaya-anunt, P.; Yimkosol, W.;
Siriphatcharachaikul, N.; Siricharoensang, P.; Kangwannarakul, T.; Maeda, J.; Losuwanakul, S.;
Abhyankar, M. M. Tetrahedron Lett. 2020, 61, 5421-5423.
https://doi.org/10.1016/j.tetlet.2020.152461

Kahandal, S. S.; Kale, S. R.; Gawande, M. B.; Zboril, R.; Varma, R. S.; Jayaram, R. V. RSC Adv. 2014, 4,
6267-6274.

https://doi.org/10.1039/C3RA46537C

Emmanuvel, L.; Shukla, R. K.; Sudalai, A.; Gurunath, S.; Sivaram, S. Tetrahedron Lett. 2006, 47, 4793—
4796.

https://doi.org/10.1016/j.tetlet.2006.05.062

Shen, H.; Vollhardt, K. P. C. Synlett 2012, 208-214.

https://doi.org/10.1055/s-0031-1290118

Sathiyapriya, R.; Joel-Karunakaran, R. Synth. Commun. 2006, 36, 1915-1917.
https://doi.org/10.1080/00397910600602750

Gayakwad, E. M.; Patel, K. P.; Shankarling, G. S. New J. Chem. 2019, 43, 6001-6009.
https://doi.org/10.1039/C8NJ06038)

Elmi, S.; Heggen, P.; Holmelid, B.; Malthe-Sgrensen, D.; Sydnes, L. K. Org. Prep. Proced. Int. 2016, 48,
385-392.

https://doi.org/10.1080/00304948.2016.1206425

Vatsadze, S. Z.; Titanyuk, |. D.; Chernikov, A. V.; Zyk, N. V. Russ. Chem. Bull. 2004, 471-473.
https://doi.org/10.1023/B:RUCB.0000030826.76441.af

Deshmukh, A.; Gore, B.; Thulasiram, H. V.; Swamy, V. P. RSC Adv. 2015, 5, 88311-88315.
https://doi.org/10.1039/C5RA14702F

Alikarami, M.; Nazarzadeh, S.; Soleiman-Beigi, M. Bull. Chem. Soc. Ethiop. 2015, 29, 157-162.
http://dx.doi.org/10.4314/bcse.v29i1.15

Kosynkin, D. V.; Tour, J. M. Org. Lett. 2001, 3, 991-992.

https://doi.org/10.1021/0l007034w

Jurd, L. Aust. J. Chem. 1949, 2, 111-116.

https://doi.org/10.1071/CH9490111

Braun, S. L.; Dirrneyer, E.; Jacob, K.; Vogt, W. Z. Naturforsch. B 1983, 38, 696—697.
https://doi.org/10.1515/znb-1983-0607

Sy, W. W. Synth. Commun. 1992, 22, 3215-3219.

https://doi.org/10.1080/00397919208021135

Page 36 ©AUTHOR(S)


https://doi.org/10.1080/00397910903457332
https://doi.org/10.1055/s-1995-4044
https://doi.org/10.1246/bcsj.70.1665
https://doi.org/10.1016/j.tet.2007.10.062
https://doi.org/10.1016/j.tetlet.2005.05.117
https://doi.org/10.1016/j.tetlet.2020.152461
https://doi.org/10.1039/C3RA46537C
https://doi.org/10.1016/j.tetlet.2006.05.062
https://doi.org/10.1055/s-0031-1290118
https://doi.org/10.1080/00397910600602750
https://doi.org/10.1039/C8NJ06038J
https://doi.org/10.1080/00304948.2016.1206425
https://doi.org/10.1023/B:RUCB.0000030826.76441.af
https://doi.org/10.1039/C5RA14702F
http://dx.doi.org/10.4314/bcse.v29i1.15
https://doi.org/10.1021/ol007034w
https://doi.org/10.1071/CH9490111
https://doi.org/10.1515/znb-1983-0607
https://doi.org/10.1080/00397919208021135

Arkivoc 2025, part _, 0-0 last name, initials of first author et al.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

Heusler, K.; Kalvoda, J. Angew. Chem. Int. Ed. Engl. 1964, 3, 525-538.
https://doi.org/10.1002/anie.196405251

Chen, E. M.; Keefer, R. M.; Andrews, L. J. Am. Chem. Soc. 1967, 89, 428—430.
https://doi.org/10.1021/ja00978a046

Ogata, Y.; Aoki, K. J. Am. Chem. Soc. 1968, 90, 6187-6191.

https://doi.org/10.1021/ja01024a043

Hokamp, T.; Strom, A. T.; Yusuboy, M.; Wirth, T. Synlett 2018, 29, 415—-418.
https://doi.org/10.1055/s-0036-1589119

Courtneidge, J. L.; Lusztyk, J.; Pagé, D. Tetrahedron Lett. 1994, 35, 1003—-1006.
https://doi.org/10.1016/S0040-4039(00)79950-3

Giri, R.; Yu, J.-Q. Encycl. Reag. Org. Synth. 2008, 29, 415-418.
https://doi.org/10.1002/047084289X.rn00915

Kumar, Y.; Jaiswal, Y.; Kumar, A. Org. Lett. 2018, 20, 4964—-4969.
https://doi.org/10.1021/acs.orglett.8002022

Beltran, R.; Nocquet-Thibault, S.; Blanchard, F.; Dodd, R. H.; Cariou, K. Org. Biomol. Chem. 2016, 14,
8448-8451.

https://doi.org/10.1039/C60B01673A

Ju, K.-S.; Parales, R. E. Microbiol. Mol. Biol. Rev. 2010, 74, 250-272.
https://doi.org/10.1128/mmbr.00006-10

Parry, R.; Nishino, S.; Spain, J. Nat. Prod. Rep. 2011, 28, 152-167.
https://doi.org/10.1039/CONP00024H

Oyama, M.; Ezaki, N.; Tsuruoka, T.; Inouye, S. J. Antibiot. 1983, 36, 1483-1489.
https://doi.org/10.7164/antibiotics.36.1483.

Hermosilla, L.; Rezende, M. C.; Machado, V. G.; Stock, R. I. Spectrochim. Acta A Mol. Biomol. Spectrosc .
2017, 173, 556-561.

https://doi.org/10.7164/antibiotics.36.1483

Lee, P. Explosive Effects and Applications, Springer: Berlin, Germany, 1998; pp 23-45.
https://doi.org/10.1007/978-1-4612-0589-0 2.

Fletcher, J. H.; Hamilton, J. C.; Hechenbleikner, |.; Hoegberg, E. I.; Sertl, B. J.; Cassaday, J. T. J. Am. Chem.
Soc. 1950, 72, 2461-2464.

https://doi.org/10.1021/ja01162a028.

Botvay, A.; Mathe, A.; Poppl, L. Polymer 1999, 40, 4965-4970.
https://doi.org/10.1016/50032-3861(98)00841-6

Bhattacharya, A.; Purohit, V. C.; Sudrez, V.; Tichkule, R.; Parmer, G.; Rinaldi, F. Tetrahedron Lett. 2006,
47,1861-1864.

https://doi.org/10.1016/.tetlet.2005.09.196

Booth, G. Nitro Compounds, Aromatic. Ullmann’s Encyclopedia of Industrial Chemistry, 2000.
https://doi.org/10.1002/14356007.a17 411.

Samaijdar, S.; Becker, F. F.; Banik, B. K. Tetrahedron Lett. 2000, 41, 8017-8020.
https://doi.org/10.1016/50040-4039(00)01397-6

Olah, G. A.; Malhotra, R.; Narang, S. C. Nitration Methods and Mechanism; VCH Publishers: New York,
2002.

Fetscher, C. A. Org. Synth. 1953, 33, 65.

https://doi.org/10.15227/orgsyn.033.0065.

Page 37 ©AUTHOR(S)


https://doi.org/10.1002/anie.196405251
https://doi.org/10.1021/ja00978a046
https://doi.org/10.1021/ja01024a043
https://doi.org/10.1055/s-0036-1589119
https://doi.org/10.1016/S0040-4039(00)79950-3
https://doi.org/10.1002/047084289X.rn00915
https://doi.org/10.1021/acs.orglett.8b02022
https://doi.org/10.1039/C6OB01673A
https://doi.org/10.1128/mmbr.00006-10
https://doi.org/10.1039/C0NP00024H
https://doi.org/10.7164/antibiotics.36.1483
https://doi.org/10.7164/antibiotics.36.1483
https://doi.org/10.1007/978-1-4612-0589-0_2
https://doi.org/10.1021/ja01162a028
https://doi.org/10.1016/S0032-3861(98)00841-6
https://doi.org/10.1016/j.tetlet.2005.09.196
https://doi.org/10.1002/14356007.a17_411
https://doi.org/10.1016/S0040-4039(00)01397-6
https://doi.org/10.15227/orgsyn.033.0065

Arkivoc 2025, part _, 0-0 last name, initials of first author et al.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

Robertson, G. R. Org. Synth. 1922, 2, 57.

https://doi.org/10.15227/orgsyn.002.0057.

Coon, C. L.; Blucher, W. G.; Hill, M. E. J Org. Chem. 1973, 38, 4243-4248.
https://doi.org/10.1021/j000964a007

Sparks, A. K. J. Org. Chem. 1966, 31, 2299-2302.

https://doi.org/10.1021/jo01345a051

Wei,W.-T.;Zhu,W.-M.;Liang,W.;Wu,Y.;Huang,H.-Y.;Huang, Y.-L.; Luo, J.; Liang, H. Synlett 2017, 28,
2153-2158.

https://doi.org/10.1055/s-0036-1589038.

Crivello, J. V. J. Org. Chem. 1981, 46, 3056-3060.

https://doi.org/10.1021/jo00328a013

Karimi  Zarchi, M. A.; Rahmani, F. J. Appl. Polym. Sci. 2011,121, 582-588.
https://doi.org/10.1002/app.33679.

Kumar, M. S.; Sriram, Y. H.; Venkateswarlu, M.; Rajanna, K. C.; Sudhakar, M. S.; Venkanna, P.;
Saiprakash, P. K. Synth. Commun. 2018, 48,59-67.

https://doi.org/10.1080/00397911.2017.1387923.

Heravi, M. M.; Oskooie,H.A.; Baghernejad, B. J. Chin. Chem. Soc. 2007, 54, 767-770.
https://doi.org/10.1002/jccs.200700110

Chen, Y.-q.; Jiang, H. Org. Chem. Int. 2011, 2011, 753142.

https://doi.org/10.1155/2011/753142

Nemati, F.; Kiani, H. Chin. Chem. Lett. 2010, 21, 403-406.

https://doi.org/10.1016/j.cclet.2009.11.017

Tajik, H.; Zolfigol, M. A.; Albadi, J.; Eslami, R. Synth. Commun. 2007, 37, 2771-2776.
https://doi.org/10.1080/00397910701481179

Khorsi Damghani, K.; Pourmousavi, S. A.; Fahid, F. Curr. Chem. Lett. 2014, 3, 207-214.
https://doi.org/10.5267/j.ccl.2014.9.001

Hajipour, A. R.; Zarei, A.; Ruoho, A. E. Russ. J. Org. Chem. 2005, 41, 1493-1495.
https://doi.org/10.1007/s11178-005-0372-y

Xie, F.,; Qi, Z; L, X Angew. Chem. Int. Ed. 2013, 52, 11862- 11866.
https://doi.org/10.1002/anie.201305902

Fors, B. P.; Buchwald, S. L J. Am. Chem. Soc. 2009, 131, 12898- 12899.
https://doi.org/10.1021/ja905768k

Selvam, J. J. P.; Suresh, V.; Rajesh, K.; Reddy, S. R.; Venkateswarlu, Y. Tetrahedron Lett. 2006, 47,
2507-2509.

https://doi.org/10.1016/].tetlet.2006.02.057

Sathunuru, R.; Rao, u. N.; Biehl, E. ARKIVOC 2003, 15, 124- 133.
http://dx.doi.org/10.3998/ark.5550190.0004.f14

Wasinska, M.; Korczewska, A.; Giurg, M.; Skarzewski, J. Synth. Commun. 2015, 45, 143-150.
https://doi.org/10.1080/00397911.2014.954730

Kloeckner, u.,; Nachtsheim, B. J Chem. Commun. 2014, 50, 10485-10487.
https://doi.org/10.1039/C4CC04738A

Beringer, F. M.; Brierley, A.; Drexler, M.; Gindler, E. M.; Lumpkin, C. C. J. Am. Chem. Soc. 1953, 75,
2708-2712

https://doi.org/10.1021/ja01107a047

Page 38 ©AUTHOR(S)


https://doi.org/10.15227/orgsyn.002.0057
https://doi.org/10.1021/jo00964a007
https://doi.org/10.1021/jo01345a051
https://doi.org/10.1055/s-0036-1589038
https://doi.org/10.1021/jo00328a013
https://doi.org/10.1002/app.33679
https://doi.org/10.1080/00397911.2017.1387923
https://doi.org/10.1002/jccs.200700110
https://doi.org/10.1155/2011/753142
https://doi.org/10.1016/j.cclet.2009.11.017
https://doi.org/10.1080/00397910701481179
https://doi.org/10.5267/j.ccl.2014.9.001
https://doi.org/10.1007/s11178-005-0372-y
https://doi.org/10.1002/anie.201305902
https://doi.org/10.1021/ja905768k
https://doi.org/10.1016/j.tetlet.2006.02.057
http://dx.doi.org/10.3998/ark.5550190.0004.f14
https://doi.org/10.1080/00397911.2014.954730
https://doi.org/10.1039/C4CC04738A
https://doi.org/10.1021/ja01107a047

Arkivoc 2025, part _, 0-0 last name, initials of first author et al.

236. Reitti, M.; Villo, P.; Olofsson, B. Angew. Chem., Int. Ed. 2016, 55, 8928-8932.
https://doi.org/10.1002/anie.201603175

237. Solorio-Alvarado, C. R. Science of Synthesis, Chapter 9. Aromatic Halogenation and Nitration with
Hypervalent lodine Reagents. Hypervalent Halogens in Organic Synthesis, 2025.
https://doi.org/10.1055/s0s-sd-246-00100.

Authors’ Biographies

Professor César R. Solorio Alvarado obtained his B.S. (2004) and M.S. (2007) in chemistry, from the University
of Guanajuato. He received his PhD from with the highest honours as "Excelente Cum Laude" and European
mention form the Institute of Chemical Research of Catalonia, Spain in 2011 under the supervision of Professor
Antonio M. Echavarren working on gold(l) catalysis. Then, he moved at the Kyoto University, Japanin 2011 under
the supervision of Professor Keiji Maruoka where he carried out his postdoctoral research working on
hypervalent iodine(lll) chemistry. He joined the department of chemistry at the university of Guanajuato as a
full-time in 2012.

\ ‘ i
Luis A. Segura-Quezada received his B.S. degree in 2018 from Guanajuato University, Mexico. Since 2016, he has
been developing various research projects in organic synthesis within the Solorio-Alvarado group. In 2021, he
obtained his M.S. degree and was awarded the Youth Award in the Science and Technology category from his
hometown. In 2023, he received the same award at the state level in Guanajuato. He obtained his PhD in 2025,
with research focused on the development of novel methodologies using hypervalent iodine(lll) chemistry,
gold(l) catalysis, and the synthesis of natural compounds with biological activity. He is currently an associate
member of the Editorial Board of the journal Current Medicinal Chemistry.

Page 39 ©AUTHOR(S)


https://doi.org/10.1002/anie.201603175
https://doi.org/10.1055/sos-sd-246-00100

Arkivoc 2025, part _, 0-0 last name, initials of first author et al.

Jaime G. Ibarra-Gutiérrez was born in Guanajuato, Gto in 1997. He obtained his B.S. in Chemistry in 2020 and
his M.S. in 2023 from the University of Guanajuato, developing research projects in organic synthesis under the
supervision of Prof. Solorio-Alvarado's group. He is currently completing his second PhD year.

Rafael Ortiz-Alvarado, a Professor Senior at University Michoacana de San Nicolads de Hidalgo, received his MS
(Prof. Gutierrez-Corona) degree in 2000, from Universidad de Guanajuato Mexico, and PhD in 2006 (Prof.
Bolafios-Jimenez) from Université de Nantes from France, where he studied Cellular differentiation processes
mediated by serotonin in taste perception. After finishing PhD work, he became Assistant Professor at Institut
National de la Recherche Agronomique République Francaise, 2006 at 2007. In Mexico he developed his
academic and scientific activity at the Faculty of Chemistry Pharmacobiology in Universidad Michoacana de San
Nicolas de Hidalgo, where he served as Associate Professor from 2008 to 2013, then he was promoted to
Professor Senior in 2019. His current research interest is focused in testing the biological activity of chemical
synthesis compounds in microbial models and mammalian models with a focus on human health.

This paper is an open access article distributed under the terms of the Creative Commons Attribution (CC BY)
license (http://creativecommons.org/licenses/by/4.0/)

Page 40 ©AUTHOR(S)


http://creativecommons.org/licenses/by/4.0/

