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Phenyliodine bis(trifluoroacetate) as a sustainable
reagent: exploring its significance in organic
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lodine-containing molecules, especially hypervalent iodine compounds, have gained significant attention
in organic synthesis. They are valuable and sustainable reagents, leading to a remarkable surge in their use
for chemical transformations. One such hypervalent iodine compound, phenyliodine bis(trifluoroacetate)/
bis(trifluoroacetoxy)iodobenzene, commonly referred to as PIFA, has emerged as a prominent candidate
due to its attributes of facile manipulation, moderate reactivity, low toxicity, and ready availability. PIFA
presents an auspicious prospect as a substitute for costly organometallic catalysts and environmentally
hazardous oxidants containing heavy metals. PIFA exhibits remarkable catalytic activity, facilitating an
array of consequential organic reactions, including sulfenylation, alkylarylation, oxidative coupling,
cascade reactions, amination, amidation, ring-rearrangement, carboxylation, and numerous others. Over
the past decade, the application of PIFA in synthetic chemistry has witnessed substantial growth, necessi-
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tating an updated exploration of this field. In this discourse, we present a concise overview of PIFA’s appli-
cations as a ‘green’ reagent in the domain of synthetic organic chemistry. A primary objective of this
article is to bring to the forefront the scientific community’'s awareness of the merits associated with
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1. Introduction

Iodine, the heaviest element in the Periodic Table, is typically
classified as a non-metal and is one of the most massive
elements found on Earth. Due to its substantial size, the
bonding behavior of iodine-containing compounds differs sig-
nificantly from its lighter counterparts in the same group. The
term ‘hypervalent iodine compounds’ refers to iodine com-
pounds in higher oxidation states. Iodine, being the most
polarizable and least electronegative halogen, exhibits unique
reactivity. Various oxidation states of iodine, including I(um),
I(v), and I(vi), can form hyper-coordinate compounds. In
hyper-coordinate iodine(ur) compounds, a linear 3-center-4-
electron (3c-4€) bonding arrangement results, with electrone-
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adopting PIFA as an environmentally conscientious alternative to heavy metals.

gative ligands occupying the axial positions and giving these
compounds a T-shaped geometry."

Hypervalent iodine compounds exhibit structural and reac-
tivity characteristics akin to transition metal elements.
Notably, their reaction mechanisms often align with those
attributed to transition metals, encompassing phenomena like
ligand coupling, oxidative addition, ligand exchange, and
reductive elimination. Iodine, as an element, offers economic
feasibility, with bulk prices ranging from $20 to $100 per kilo-
gram over the past decade, and it boasts environmental safety
credentials, unlike heavy metals. Consequently, the employ-
ment of hypervalent iodine compounds for effecting synthetic
organic transformations has experienced rapid proliferation.>™
Over the past two decades, the functionalization of a wide
array of organic molecules, within the broader context of
organic synthesis, has witnessed significant utilization of
organic hypervalent iodine compounds as environmentally
friendly and potential oxidizing agents.” > These hypervalent
compounds serve as environmentally conscious alternatives to
heavy metal oxidants like Pb(wv), Hg(u), and Tl(m). Their attri-
butes, including ready availability, mild reactivity, enhanced
efficiency, moisture stability, minimal toxicity, and ease of
handling, contribute to their green chemistry appeal.

(Bis(trifluoroacetoxy)iodo)benzene/phenyliodine bis(tri-
fluoroacetate), commonly referred to as PIFA, stands out as a
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prominent example of a hypervalent iodine compound exten-
sively employed in synthetic chemistry. PIFA’s versatility
extends to its successful application as a viable replacement
for hazardous organometallic catalysts and heavy metal oxi-
dants, among other roles."* Commercially, PIFA is acquired as
a light-sensitive, colorless solid that maintains stability at
room temperature.

PIFA catalyzes a wide range of organic transformations,
including ring-rearrangements, amidations, sulfenylations,
carboxylations, and various others."*"® These reactions result
in the synthesis of N-arylated and N-alkylated heterocyclic
compounds,'® oxidative deprotection reactions,'” and the for-
mation of pyrrolidinone and lactone frameworks,'® alongside
various other transformations.'>*° Additionally, under acidic
conditions, PIFA can facilitate the Hofmann rearrangement.”*
Notably, in 1990, Kikugawa et al>* elucidated a synthetic
pathway for N-acylated nitrenium ions through PIFA-mediated
amide oxidation. Substituted nitrenium ions, as consequential
intermediates, serve as versatile precursors for constructing N-
N, N-C, and N-S bond connections.>***

PIFA demonstrates versatility in catalyzing various coupling
reactions, leveraging its highly electrophilic iodine core.”>?°
Among these reactions, intramolecular phenolic coupling pro-
cesses mediated by PIFA serve as effective biomimetic method-
ologies for the synthesis of fused and spirocyclic
molecules.”””*® PIFA also participates in ligand-exchange reac-
tions with diverse nucleophiles, followed by reductive
elimination.?*° Furthermore, PIFA has been established as a
catalyst for the cyclo-isomerization of propargylamides,*® oxi-
dative amidation reactions of alkynes,** and carboxylation pro-
cesses.>® In these reactions, PIFA activates the triple bond,
enabling cyclization.
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Owing to the potent electron-withdrawing attributes of the
fluorine atom, PIFA exhibits higher reactivity in comparison with
its counterpart, phenyliodine diacetate (PIDA). In the presence of
basic olefin substrates, PIFA-mediated alkene functionalization
facilitates the swift introduction of diverse functional groups into
organic molecules, thereby enabling efficient and expedited
molecular complexity enhancement.>*** PIFA frequently acts as
an electrophilic species in metal-free reactions, generating an
intermediate iodonium ion. This intermediate subsequently
undergoes transformation into a leaving group, facilitating
nucleophilic attack.*® Recently, the field of alkene functionali-
zation reactions has experienced renewed vigor through the
synergistic combination of transition metal catalysts with iodine-
based reagents.®”

An update in this field is warranted, considering PIFA’s sig-
nificant diversification in organic chemistry in the past
decade. This report offers a concise overview of PIFA’s role as a
green reagent in synthetic organic chemistry, with the aim of
highlighting its potential as an eco-friendly substitute for
heavy metals to the scientific community.

2. Synthesis

Various methodologies exist for the synthesis of PIFA. Herein,
we outline some commonly employed procedures as shown in
Fig. 1:

« Reaction of benzene with tris(trifluoroacetoxy)iodine*®

« Oxidation of iodobenzene with
)39

xenon bis

(trifluoroacetate
+ Oxidation of iodobenzene with sodium percarbonate/
(CF5C0),0/CH,Cl, *°
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 Oxidation of iodobenzene with using a K,S,05/CF;COOH/
CH,Cl, system™®!

» Oxidation of iodobenzene with trifluoroperoxyacetic
acid*?

« Oxidation of iodobenzene with HNO;/(CF;C0),0*

« Reaction of iodosylbenzene with Me;Si(OCOCF;)**

« Reaction of (dichloroiodo)benzene with AgOCOCF; *°

3. PIFA in organic synthesis
3.1. Amidation reaction

The amide functionality constitutes a substantial structural
element in a majority of natural products and pharmaceutical
compounds, playing a pivotal role in biologically and pharma-
ceutically relevant molecules.*® Notably, approximately 25% of
medicinal compounds feature amide groups.”” Beyond their
pharmaceutical significance, amides find diverse applications
in organic chemistry as dyes, polymers, and agrochemicals.
Amides also serve as crucial functionalities in peptides and
proteins, with the N-formyl group being readily removable
without affecting the peptide linkage.*® Moreover, fatty acid
amides hold promise for their potential anti-inflammatory,
anti-bacterial, anti-tubercular, and antiproliferative pro-
perties.*® Fundamentally, amides serve as a central scaffold for
synthesizing a vast spectrum of organic compounds. Due to
the paramount importance of the amide functionality, numer-
ous synthetic strategies have evolved over time.

Kamble et al* presented an effective, mild, metal-free pro-
cedure for catalyzing the transamidation reaction using PIFA
(Scheme 1). High yields of amide analogs 3 were achieved by
employing various aromatic amines 1, predominantly those fea-
turing fluoro substituents. In this synthetic protocol, DMF/DMAc
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2 underwent transamidation with amines. PIFA was involved in
the reaction via an ionic pathway, actively participating in the
process through its contribution to the ionic mechanism.

The intramolecular insertion of a nitrogen atom represents
an efficacious approach for the synthesis of nitrogen-contain-
ing heterocyclic compounds. Alkyne hydroamination stands as
an attractive synthetic route for accessing both linear and
cyclic amines/imine functionalities through intra/inter-
molecular reactions.®® Serna et al.>® reported a simple intra-
molecular amidation reaction for the synthesis of 5-substituted
pyrrolidinone analogues 7a-n catalyzed by PIFA with overall
yields of 58-84% (Scheme 2). Firstly, the p-alkynylamide pre-
cursors 6a-n were obtained by following a two-step procedure
as described in Scheme 2. Treatment of p-anisidine with 4-pen-
tynoic acid 4 in the presence of EDC-HCI/HOBt> resulted in
the formation of amide 5. Finally, a Sonogashira cross-coup-
ling reaction® was employed to substitute the terminal alkyne
functionality’® of amide 5 in 32-81% yields. The desired com-
pounds 7a-n were further obtained by treatment of precursors
6a-n with PIFA in acidic media at 0 °C. PIFA engaged in the
reaction by following the ionic pathway.

Quinolino and pyrazino analogs of quinoxalin-6(5H)-ones
represent intriguing heterocyclic structures with notable appli-
cations.’® A swift, metal-free, and effective intramolecular reac-
tion was described by Hu et al.’” for the synthesis of quino-
line-quinoxalinones 9 in satisfactory yields using readily acces-
sible starting materials 8. The ring-closure C-H amidation was
conducted at ambient temperature with PIFA serving as the
catalyst (Scheme 3). PIFA engaged in the reaction by following
the ionic pathway, actively participating in the process through
its involvement in ionic mechanisms.

Serna et al.>® reported PIFA-mediated reaction on aromatic
substrates to yield isoindolinones as well as isoquinolin-2-
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ones. Isoindolinone 11 was obtained in 23% yield from amide
10a on treatment with PIFA/BF;-OEt, in DCM at —20 °C
(Scheme 4a). In contrast, isoquinolinone 12 was produced in
28% yield by employing TFA rather than BF;-OEt, through a
less preferred 6-endo-trigeyclization mechanism. They hypoth-
esized that the enhanced nucleophilicity of the styrene frag-
ment would enable nitrogen atom to readily undergo cycliza-
tion, leading to improved results. To achieve this, a low-temp-
erature condition was maintained for the treatment of amide
10b with PIFA/CF;CH,OH in the absence of an activating
agent (Scheme 4b). As expected, the 5-exo-trig cyclization went
without a hitch, resulting in a 95% yield of the isoindolinone
13a. For a complete structural identification, this molecule was
later acetylated to produce derivative 13b. The behavior of
amides 14a-b was then examined in order to increase the via-
bility of the intended synthesis (Scheme 4c and d). A 6-exo-trig
cyclization occurred on treating CF;CH,OH solution of amide
14a with PIFA, producing isoquinolinone 15a in 72% yield.
Similarly, amide 14b resulted in the formation of isoquinoli-
none 16a at room temperature in excellent yield. Furthermore,
these motifs were acetylated to yield compound 15b and 16b,
respectively, in order to obtain a complete structural identifi-
cation. PIFA was involved in the reaction via an ionic pathway.
Future research in the area of heterocyclic chemistry will
benefit from the introduction of this subsidiary hydroxyl func-
tionality which will enable the synthesis of advanced
heterocycles.

In addition to serving as a pivotal functionality in trypto-
phan-containing compounds, indole and indoline scaffolds
constitute integral components of biologically significant
natural products.”® Due to their compelling therapeutic appli-
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cations, substantial research efforts have been dedicated to the
development of innovative and efficacious synthetic method-
ologies for these heterocyclic structures.

Correa et al.® introduced an innovative synthetic strategy
for the synthesis of indoline derivatives. Their work demon-
strates that the PIFA-mediated amidohydroxylation reaction
represents a rapid and efficient route to access indoline deriva-
tives. Notably, compared with other metal-based approaches,
this method allows for the dual functionalization of the alkene
moiety, leading to the incorporation of both a hydroxyl group
and a C-N linkage in the final product. This capability enables
the synthesis of complex heterocycles through subsequent
transformations. The critical cyclization step involves the PIFA-
catalyzed generation of N-acylated nitrenium ions, followed by
their intramolecular trapping with olefins. PIFA contributed to
the reaction by engaging in the ionic pathway, playing a role in
the process through its involvement. Optimization of reaction
conditions revealed that treating substrate 17 with PIFA in tri-
fluoroethanol for 3 hours at room temperature yields superior
results in the amidation process. The broad applicability of
this reaction was demonstrated by preparing a diverse set of
indoline derivatives 18a-f (Scheme 5).

Tellitu et al®' conducted an intramolecular electrophilic
cyclization reaction catalyzed by PIFA using readily available
alkynyl-amides 19a-i and alkynyl carboxylic acids 19j-m as
substrates. This process led to the formation of pyrrolidinones
20a-i and lactone derivatives 20j-m, respectively. Specifically,
amides 19a-i, when dissolved in CF;CH,OH and subjected to
the reaction at 0 °C, yielded the corresponding pyrrolidinones
20a-i in a brief reaction time (Scheme 6). Similarly, the reac-
tion of carboxylic acids 19j-m with PIFA in the presence of
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Fig. 1 Synthesis of PIFA.

CF;CH,OH at 0 °C resulted in the formation of the predicted
furanones 20j-m in excellent yields (Scheme 6). PIFA was
involved in the reaction via an ionic pathway.

3.2. Amination reaction

Azides serve as efficient amino sources for catalyzing amin-
ation reactions on aromatic C-H bonds with transition metals.
Their effectiveness is attributed to their ready availability,
diverse structural versatility, and the environmentally friendly
production of N, gas as a byproduct of the reaction.®” The
selective functionalization of double bonds has become
increasingly important as a versatile method for synthesizing
complex molecules using a minimal number of steps.®*~°°
Paveliev et al.®® synthesized analogs of 2-(hydroxyamino)
ethanols 23a-n via a PIFA-catalyzed reaction between azides
21a-n and NHPI 22 (Scheme 7). PIFA actively engaged in the

This journal is © The Royal Society of Chemistry 2024

reaction by following a free radical pathway, specifically
through hydrogen abstraction. The mild reaction conditions
offer a broad substrate scope for vinyl azides. The reaction
mechanism initiates with the formation of an N-oxyl radical
through an oxidative pathway. Subsequently, it reacts with the
vinyl azide. Finally, another N-oxyl radical molecule captures
the resulting iminyl radical.

1H-Indazole scaffolds hold great importance as key com-
ponents in biologically active compounds, synthetic medi-
cines, and potential drug candidates.®”°® Zhang et al®®
reported a method for synthesizing substituted heterocycles 25
through a PIFA-mediated C-N coupling reaction, using readily
available substrates 24 without the need for any metal catalyst
(Scheme 8). PIFA was involved in the reaction via an ionic
pathway. In addition, the cyclization of starting materials 24y
bearing a tosyl group at the nitrogen atom and 24z did not

Org. Biomol. Chem., 2024, 22, 3109-3185 | 3113
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Scheme 1 a) Synthetic scheme for amides using DMF and DMAc. (b) Synthesis of amides using carboxylic acids.
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Scheme 3 Synthesis of quinolino[3,4-b]quinoxalin-6(5H)-ones 9a-r.
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Scheme 4 Synthesis of isoindolinones as well as isoquinolin-2-ones from suitably modified aromatic substrates.
Z OH
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Compound (a-f) 17/18 Compound (a-f) 17/18
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b R'=H,R?=Bz e R'=4-Br,R?=Bz
¢ R'!=4-OMe, R?=Bz f R'=6-Et, R? =Bz

Scheme 5 Synthesis of indoline derivatives 18a—f.

react under the current optimal conditions. This reaction
demonstrates excellent tolerance for various functional groups
and substrates.

3.3. C-H functionalization

In modern synthetic organic chemistry, the functionalization
of sp® C-atoms through C-H bonds is a significant method-
ology for accessing C-C, C-0, and C-N linkages.”®

Lu et al.”" employed visible light-enabled photocatalysis in
the presence of 4CzIPN and PIFA to perform a radical cascade
oxidation of N-aryl/benzoyl acrylamides 26/28/30, yielding both
oxindole 27/29 and isoquinolinedione 31 analogs in good
yields. This reaction exhibited several noteworthy features,
including a broad substrate scope, mild reaction conditions,
and excellent tolerance for diverse functional groups

3116 | Org. Biomol Chem., 2024, 22, 3109-3185

(Scheme 9). PIFA actively engaged in the reaction by following
a free radical pathway, specifically through single-electron oxi-
dation. To expand the applicability of this photocatalytic
pathway, the researchers investigated various substrates by
modifying substituents at the R,/R; positions, resulting in the
facile synthesis of desired products 29a-1 with high to excellent
yields (Scheme 10). In addition, they delved into the synthesis
of cyano-functionalized isoquinolinedione 31 (Scheme 11), a
pivotal structural motif commonly encountered in pharmaceu-
ticals and agrochemicals.””

Organochalcogenides have consistently demonstrated sub-
stantial potential as prospective candidates for therapeutic
applications, attributable to their inherent versatility as mole-
cular scaffolds capable of accommodating an extensive array of
functional groups.”® Furthermore, they find broader utility

This journal is © The Royal Society of Chemistry 2024
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Scheme 7 Synthesis of analogues of 2-(hydroxyimino)ethanols.

across diverse domains, including agrochemistry, catalysis,
materials science, and organic synthesis.”*

Ghosh et al.”® presented a more environmentally friendly
approach employing PIFA (PhI(OCOCF;),) for the C-H
functionalization of pyrimidine-4-one 32, enabling the direct
selenylation process to afford the desired products 33a-s in
high yields, as depicted in Scheme 12. PIFA actively engaged in
the reaction by following a free radical pathway, specifically
through hydrogen abstraction, contributing to the process
through this mechanism. Notably, this reaction exhibited
remarkable tolerance towards a wide array of functional
groups and structural variations, consistently delivering excel-
lent yields of the target compounds. Furthermore, the applica-
bility of the reaction scheme was extended to encompass
various diaryl diselenides, as illustrated in Scheme 13.

This journal is © The Royal Society of Chemistry 2024

The structural components of benzothiazoles serve as
essential constituents of various naturally occurring mole-
cules, agricultural chemicals, synthetic compounds as well as
pharmaceuticals.”® C-2-Arylacylated benzothiazole derivatives
are such compounds that have drawn considerable attention
because of their therapeutic importance.

Sun et al.”” developed an efficient method using PIFA as a
mediator to synthesize distinct C-2-arylacylated benzothiazoles
37 with yields ranging from 70% to 95%. These compounds
show promise as potential therapeutic scaffolds and are
obtained through a ring-opening reaction of 2H-benzothia-
zoles 35 (Scheme 14). PIFA actively engaged in the reaction
through a free radical pathway, involving hydrogen abstraction
as a mechanism for its participation in the process. This proto-
col is versatile, accommodating various substrates under favor-

Org. Biomol. Chem., 2024, 22, 3109-3185 | 3117


https://doi.org/10.1039/d3ob01964k

Published on 15 March 2024. Downloaded on 11/6/2025 3:58:13 PM.

View Article Online

Review Organic & Biomolecular Chemistry
R? R?
HNN PIFA N,
¢ HFIP, 5 min, rt N
R1 R1
24 25

O

O
®

25a: 73% 25b: 70% 25e: 90% OMe 25f: 75% C

N, N N
N N N
Y
J / G
7 7\
. Y
(Me)H =N
259:70% F 25h+25h": 71% (5:1) 25i: 72% 25j: 91% 25k: 94% 25i: 95%

CN CO,Et

0 o o
"o, ?e?aae%eh
: 00 00

25m: 93% 25n:71% 'Bu  250:65%  25p: 88% 25q: 82% 25r: 83% 25s: 87%

D O o 5 .
T/ ¢
o o o o0 o O O

25t: 88% 25u: 71% 25v: 65%  25w: 66% 25x: 53% 25y: 0% 25z:
0%

N

z’
N
z
N
P4
N
z

Scheme 8 Synthetic pathway for construction of 1H-indazole analogues.

able conditions, offering a faster and simpler route compared Numerous methodologies have been documented for con-
with prior methods for producing C-2-arylacylated benzothia- verting alkylbenzenes into their respective benzyl esters.
zoles 37. However, a significant portion of the recently reported esterifi-
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Scheme 12 Synthesis of selenylated-pyrimidin-4-ones 33a-s.

cation processes involving benzylic C-H bonds necessitate the

use of excessive acid or elevated temperatures (>60 °C).”®
Sakamoto et al.”® accomplished the esterification of alkyl-

benzenes through a combination of PIFA catalysis and visible

3120 | Org. Biomol. Chem., 2024, 22, 3109-3185

=n-Bu, 91%, 3ks

light irradiation. This methodology yielded favorable results,
providing high yields of desired benzyl ester derivatives 39
from various alkylbenzenes 38 (Scheme 15). PIFA actively
engaged in the reaction through a free radical pathway, invol-

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d3ob01964k

Published on 15 March 2024. Downloaded on 11/6/2025 3:58:13 PM.

View Article Online

Organic & Biomolecular Chemistry Review
o) Ar
Se
N . PIFA, DCM, rt N
Het q | ArSeSeAr —>1-6h Het “ |
N N
32 34a-k
(o] cl
o P
Se
N | (0] CF3 (@]
N cl S
N F NN | Se NN | e \C'\t | Se
N X PN
N
D = 4.CICeH,, 77%, 34a N N
= 1-naphthyl, 83%, 34b 34c, 84% 34d, 87% 34e, 79

o P

(/\ N Se
| 0
SJ\\N O o

NN | Se
D = 2.BrCgH,, 61%, 34f XN
= 2-FCgHy, 90%, 34g
= 2-CF3FCgH,, 88%, 34h 34i, 84%

Scheme 13 Synthetic of selenylated-pyrimidin-4-ones 34a—k.

ving hydrogen abstraction as a mechanism for its participation
in the process. The versatility of this approach was demon-
strated through an exploration of its substrate scope, as illus-
trated in Schemes 15 and 16a. Furthermore, the acyclic ana-
logue 42 underwent a straightforward reaction, resulting in the
production of a-hydroxy carbonyl compound 43 with a yield of
54% (Scheme 16b).

As reported by Couto et al.,®® the fused lactone was syn-
thesized via a metalfree C-H activation reaction.
Subsequently, the adducts 44a-j underwent a transformation
into the corresponding pyrimidinones 45a-j through an intra-
molecular reaction mediated by PIFA (Scheme 17). PIFA was
involved in the reaction via an ionic pathway, actively partici-
pating in the process through its contribution to the ionic
mechanism.

Mudithanapelli et al.°" introduced a PIFA-catalyzed, metal-
free/NaCN reaction capable of effecting oxygenation, cyana-
tion, and nitration through sp® and sp> C-H activation pro-
cesses, respectively. This versatile methodology was success-
fully applied to a range of amine derivatives 46, as outlined in
Scheme 18. Under the influence of CH3NO,/H,0 (9: 1), all con-
versions were efficiently catalyzed by PIFA/NaCN (Scheme 18).
Notably, in cyanation complete conversion of substrates 46a-o
to the desired products 50a-o was achieved (Scheme 19). The
oxidized compounds 51a-p were readily obtained from cyclic
amines 46a-p in yields ranging from 73% to 91% (Scheme 20).
However, it is worth noting that none of the oxygenation pro-
ducts 51a-f were obtained when 6-membered amines were
employed as substrates. This methodology stands out due to
the cost-effectiveness and compatibility of PIFA as an oxidant.
Remarkably, a single catalytic system, namely PIFA/NaCN,

1'81
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34j, 70% 34k, 75%

proved highly effective in facilitating three distinct types of
functionalizations. PIFA was involved in the reaction via an
ionic pathway.

3.4. Coupling reaction

Owing to their myriad applications in sensors, photosynthetic
systems, and nonlinear optical (NLO) devices, porphyrin and
chlorin derivatives have garnered significant scientific attention.®

Cheng et al.®® used different oxidants to study the inter-
actions between anilines 53 and chlorins 52. Aminated com-
pounds were obtained by performing the oxidation reaction of
anilines as well as chlorins in presence of PIFA. NaAuCl,-2H,0
was used to successfully carry out the amination reaction
(Scheme 21). It is interesting to note that when monomeric Zn
() chlorin was treated with p-toluidine in the presence of
NaAuCl,-2H,0 and PIFA as the catalyst, diaminated chlorin
dimers 54 were obtained (Scheme 21). Moreover, the inactive
10™ position also undergoes amination reaction. Further,
these chlorin analogues can be developed to function as
photosensitizers.

Nitriles represent a notable class of functional groups in
organic synthesis, typically serving as precursors for the con-
version into various other functional groups, including
amines, amides, carboxylic analogs, heterocyclic compounds,
and aldehydic moieties.®*

Yan et al® effectively converted nitriles 59 into their
respective N-phenyl amides 60 through a PIFA-catalyzed inter-
molecular cross-coupling mechanism conducted in the
absence of any solvent. PIFA actively engaged in the reaction
by following a free radical pathway, specifically through single-
electron oxidation, contributing to the process through this
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Scheme 14 Synthesis of C-2-arylacylated benzothiazoles 37.
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Scheme 16 C-H functionalization of alkylbenzenes in mild conditions
using PIFA.

mechanism. This method represents a mild oxidative reaction
scheme for achieving high yields of N-phenyl amides 60. It
encompasses the cleavage of sp”> C-N linkages concomitant
with the formation of new C-N bonds, as illustrated in
Scheme 22.

This journal is © The Royal Society of Chemistry 2024

By C-H functionalization of electron-rich aromatic hydro-
carbons in water and further coupling with an equal stoichio-
metry of allyl sulphides, Feng et al.®® described a methodology
to obtain aryl sulphides 64. The Lipshutz surfactant,
TPGS-750-M, which utilizes water as the recyclable reaction
media, facilitates this arylthiolation. Varied allyl aryl sulphides
were useful cross-coupling partners for m-dimethoxybenzene
or 1,3,5-trimethoxybenzene 62 in the case of allyl sulphides
(Scheme 23). Allyl phenyl sulphide 63 was successfully coupled
with diverse electron-rich arenes 62. The fact that this reaction
took place in an aqueous medium rather than an organic one
and allowed for the recycling of water, surfactant and catalyst
is perhaps its most notable feature. PIFA actively engaged in
the reaction by following a radical pathway, specifically
through single-electron oxidation.

Bodipy-based dyes hold significant importance due to their
exceptional optical properties, enhanced solubility, outstand-
ing photochemical stability, high absorption coefficients, and
ease of functionalization.?” While Bodipy dimers possess intri-
guing characteristics related to charge delocalization, their
potential utility as fluorescent or redox probes has not been a
primary area of research focus.

Rihn et al.®® reported the coupling reaction of monomeric
Bodipy 65, mediated by both a Lewis acid and PIFA, leads to
the formation of a mixture of various oligomers. The for-
mation of dimers is favored when one of the positions is occu-
pied by either an iodine(i) or phenyl (Ph) substituent, as
shown in Scheme 24. PIFA actively participated in the reaction
by employing a free radical pathway, particularly through
single-electron oxidation. These dimers exhibit two consecu-
tive oxidative and reductive waves, with an approximate separ-
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ation of 260 mV and 130 mV, respectively. Interestingly, the devices, sensors, and photosynthetic systems.?® Ouyang et al.*°

three dimers, namely 66a, 66b, and 66¢, were found to display
near identical stability and reactivity compared with Bodipy
monomer units.

Porphyrin and chlorin dimers hold considerable signifi-
cance due to their applications in nonlinear optical (NLO)

This journal is © The Royal Society of Chemistry 2024

provided the inaugural account of synthesizing dimeric zinc
chlorin by efficiently oxidizing zinc chlorin monomers 67
using PIFA, as outlined in Scheme 25. This process yielded a
74% yield, demonstrating a selective formation of dichlorin
68. Importantly, the reaction exhibited regioselectivity at the
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Scheme 21 Amination reaction of chlorins as well as N-unsubstituted anilines.

20th position of the pyrrole ring. PIFA actively participated in
the reaction by employing a free radical pathway, particularly
through single-electron oxidation.
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Spirooxindoles serve as essential intermediates for the syn-
thesis of biologically significant molecules.”® PIFA functions
as an effective catalyst for the synthesis of diversely functiona-
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Scheme 22 Synthesis of N-phenyl amides.
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Scheme 25 Synthesis of zinc chlorin dimer.

lized N-phenylbenzamides by oxidative coupling. Yu et al®?
described an effective methodology for synthesizing such
molecules 70a-m in moderate yields from 69a-m as demon-
strated in Scheme 26a. This approach can further be utilized
to obtain functionalized spirooxindole analogues. Also, the
spirooxindoles 72a-c were synthesized from the N-acetamides
71a-c (Scheme 26b). PIFA was involved in the reaction via an
ionic pathway.

Dichlorin
68

Yang et al.>® have unveiled a straightforward and effective
alkoxylation method for quinoxalin-2(1H)-ones 73 using
primary or secondary alcohols 74 (Schemes 27 and 28). This
process operates under catalyst-free conditions and involves
cross-dehydrogenative coupling. By employing PIFA as an
oxidant, this technique offers a convenient means to access
3-alkoxylquinoxalin-2(1H)-ones 75 in good to excellent yields.
PIFA actively engaged in the reaction by following a free radical

OH 0
a)
N PIFA,MeCN, 1t e
R P 37-95% RT o)
NS0 N
h 2 R2
69a-m 70a-m
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d R! = 2-MeO, R2 = Me k R" = 4-Me, R? = Bn
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Scheme 26 Synthesis of zinc chlorin dimer.
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Scheme 27 Synthesis of 3-alkoxylquinoxalin-2(1H)-ones.
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Scheme 28 Synthesis of 3-alkoxylquinoxalin-2(1H)-ones.
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Scheme 29 An efficient method for synthesizing indoles 80.
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Scheme 30 Kita-type coupling reaction between naphthalene 81 and
substituted benzenes.

View Article Online

Organic & Biomolecular Chemistry

pathway, specifically through hydrogen abstraction. The
method is characterized by its user-friendliness, simplicity of
the reaction system, and a broad tolerance for various func-
tional groups. Consequently, it provides a pathway to effort-
lessly produce a range of potential drug molecules containing
3-alkoxylquinoxalinone frameworks in excellent yields.
Chebieb et al.®* have introduced an efficient method for
synthesizing indoles 80 by orchestrating a two-step process
that involves the cross-coupling reaction of o-haloanilines 76
and the PIFA oxidation of the resulting 2-alkenylanilines 78. A
notable feature of this sequential approach is its modular
strategy, which is applicable to both acyclic and cyclic starting

a)
PIFA BF3Et,O A O O Ar
+ Ar-H
o e OO
81
84
84a, 45% 84b, 27%
84c, 24% 84d, 23%
b)
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S LS 9 S e e 29 "
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82b <5
82a g7 5 /@\ 90
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Scheme 31 Oxidative four-component Kita-type coupling reaction.
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materials. The regiochemistry of this method complements
the Fischer indole synthesis and related approaches. Another
advantage of this method is that it enables the direct prepa-
ration of N-H indoles without the need for N-protecting
groups. The scope of this indole synthesis was further explored
using tosylhydrazones derived from cyclopentanone and cyclo-

View Article Online

Review

hexanone, with a specific focus on achieving the regioselective
formation of indole products 80a-f (Scheme 29). The for-
mation of dehydroindoles (dihydrocarbazoles) was also investi-
gated, starting with cyclohexenone-derived tosylhydrazones
and proceeding to the oxidative cyclization of 1,3-dienyanilines
78g-i (Scheme 29). Finally, the versatility of the method was

R'OC COR!
HaG M PIFA, CH,Cl, rt —
RHN  COR' Hsc™ >N~ CHs
88a-f R2 89af
Compound (a-f) 88/89 Compound (a-f) 88/89
a R'=Ph, R?=Bn d R' = CHa, R? = CH,
b R'=CH; R?=Bn e R' = Ph, R? = p-CI-CgH,4
c R! = Ph, R? = CH, f R'! = CHj, R2 = p-CI-CgH,4
Scheme 32 Synthesis of substituted pyrroles 89a—f.
R H EtO0C COOEt
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hz
90a-g 913-9
Compound (a-g) 90/91 Compound (a-g) 90/91
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b R'=CH,;, R2=Bz f R'=Ph, R2= CH,4
c R' = Ph, R? = p-CICgH4 g R'=Ph, R2=Pr
d R' = CHj, R? = p-CICgH,
Scheme 33 Synthesis of substituted pyrroles 91a—f.
NH, R'COCH,COR? N-COCF
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a
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d
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Scheme 34 Synthetic methodology for carboline analogues 95a-d.
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demonstrated by synthesizing indoles 80j-m from acyclic sub- Faggi et al.,” resulting in the formation of a linear tetraarene
strates, showcasing a broad substrate scope (Scheme 29). with a binaphthalene core, 83a, in a 63% yield after 3 hours at

A direct oxidative Kita-type coupling reaction was observed —78 °C when using PIFA/BF;-Et,O as a catalyst (Scheme 30).
between naphthalene 81 and substituted benzenes reported by The ratio of 83a to potential overoxidation products like 84a,
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Scheme 35 Reaction scheme for synthesizing 3-Se chromones/thiochromones.
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Scheme 36 Reaction scheme for synthesizing 3-S chromones/thiochromones.
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85a, and 86a seemed to be influenced by the quantity of PIFA
oxidant utilized.

To explore this, an excess of PIFA was employed, allowing
the extension of the method to various electron-rich arenes,
yielding tetraaryl products 84a-d in the range of 45-23% yields
(Scheme 31a). This methodology could also be applied to the
coupling of unfunctionalized 1,1"-binaphthalene 87 with mesi-
tylene 82, resulting in the selective formation of a linear hex-
aarene product with an impressive 87% yield (Scheme 31b).

3.5. Substituted pyrroles

Owing to their paramount importance as the principal struc-
tural constituents within various alkaloids and pharmacologi-
cally active compounds, highly substituted pyrrole derivatives
have been the focal point of considerable scientific interest in
recent years.”® Oxidative dimerization emerges as a pivotal syn-
thetic route for the acquisition of symmetric compounds.
Zhang et al.”” elucidated a tandem dimerization-cyclocon-
densation strategy for the synthesis of highly substituted
pyrrole analogues utilizing enaminones in the presence of
PIFA. This method demonstrates efficiency and offers multiple
advantages, including readily available starting materials, non-
toxic reagents, and mild reaction conditions. PIFA was involved
in the reaction via an ionic pathway, actively participating in
the process through its contribution to the ionic mechanism.

View Article Online

Review

To assess the scope of this reaction, several enaminones 88a—f
were subjected to experimentation, as outlined in Scheme 32.
Product characterization involved a comprehensive array of
analytical techniques, including melting point analysis, infra-
red spectroscopy, nuclear magnetic resonance (NMR) spec-
troscopy, and mass spectrometry (MS), leading to the charac-
terization of products 89a-f.

Furthermore, within the same year, Zhang et al.”" explored
the applicability of this reaction to various enamine-esters
(Scheme 33). Utilizing PIFA as a catalyst, the transformation of
enamine-esters 90a-g into pyrrole derivatives 9la-g was
achieved with ease. PIFA was involved in the reaction via an
ionic pathway. Subsequently, the compounds underwent com-
prehensive structural characterization, encompassing analyses
such as melting point determination, MS, infrared spec-
troscopy, as well as NMR spectroscopic investigations.

l.98

3.6. Cyclization

The Pictet-Spengler methodology is a recognized synthetic
approach for the construction of both indole and isoquinoline
alkaloids. Papadopoulou et al.®® demonstrated its application
in the derivatization of tryptophan and tryptamine derivatives
to yield 1,2,3,4-tetrahydro-p-carbolines 95a-d (Scheme 34). The
straightforward combination of tryptamine 92 with
B-dicarbonyl compounds 93a-d leads to the formation of car-
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Compound (a-t) 99/100 Compound (a-t) 99/100

a R' = PhNH, R? = Bn k R' = 4-CIPhNH, R? = Me
b R" = 4-MePhNH, R2 = Bn ' R' = 2-MePhNH, R2 = Me
c R' = 4-MeOPhNH, R? = Bn m R' = CHj, R2 = p-CI-CgH,4
d R = 4-CIPhNH, R2 = Bn n R' = 2-MeOPhNH, R2 = Me
e R' = 2-MePhNH, R? = Bn o R' = 4-CIPhNH, R? = Me
f R' = 2-MeOPhNH, R? = Bn p R' = PhNH, R? = Ph
g R' = 2-CIPhNH, R2 = Bn q R!= 2-MePhNH, R2 = Ph
h R' = PhNH, R? = Me r R' = OEt, R? = Me
i R' = 4-MePhNH, R? = Me s R'=Me, R? = Bn
i R' = 2-MeOPhNH, R? = Me t R! = Me, R = Me

Scheme 37 Synthesis of pyrrolin-4-one derivatives 85a—t.
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bonyl compounds of the type 94a-d.'°® Under controlled reac-
tion conditions ranging from 0 °C to room temperature, the
synthesis of carboline analogues 95a-d was achieved in the
presence of PIFA, serving as the cyclization agent.

Chromones, characterized by their unique heterocyclic frame-
work, are commonly encountered in both pharmaceuticals and

View Article Online
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natural compounds.’® The introduction of sulfur or selenium
functionalities into the chromone structure imparts intriguing
biological properties to the resultant molecules, thereby attract-
ing significant scientific interest over recent decades.'*

Ai et al.'® accomplished the synthesis of 3-selenyl/sulfenyl
chromones/thiochromones 97/98 through the reaction of
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Scheme 38 Synthesis of selenated spiro[cyclopentenone-1,3'-indoles].
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Entry R! R2 Rf Y(.i)/eo;d of 104

1 H  Ph  CRpBr 104a (62)

2 H B CR 104b (68)

3 OMe Bn  CFj 104c (75)

4 c Bn  CR 104d (58)

5 H Bn  CFpBr 104e (65)

6 H  Bu  CRpBr 104f (48)

7 CFs  Bn  CFaBr 104g (45)

Scheme 39 Synthetic scheme for development of N-alkyl-2-
fluoromethylbenzimidazoles.

alkynyl aryl ketonic substrates 96 with diselenides/disulfides,
employing PIFA as the catalytic agent (Scheme 35).
Furthermore, the synthesis of sulfenylated chromone deriva-
tives was explored using PIFA/PhSSPh (Scheme 36). PIFA was
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5 F Ph H H 56 (106e)
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8 Br 4-F-CgHy4 H H 63 (106h)
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Scheme 41 Synthesis of indole derivatives 106 with 2-vinylanilines 105
and PIFA.

involved in the reaction via an ionic pathway. Notably, this
methodology is distinguished by its metal-free nature, wide
substrate applicability, mild reaction conditions, and the pro-
duction of high-yielding products.

R‘I
N N
PhI(OOCCF), o /@N\%Rf Rz@:N\%Rf
N H MeCN, 60°C, 10 min +
hs
R R2 R2 R
103 104 104'
Entry R! R2 Rf  Yield of 104 (%) 104/104' Entry R R2 Rf  Yield of 104 (%) 104/104
1 Me Me CF; 104h (82) 1 H [ CF,Br 104p (83) 1:1.2
2 H H CF; 104i (83) 12 H COOEt CF,Br 104q (83)  >99:1
3 Cl Cl CF; 104; (90) 13 H CN  CF.Br 104r (77)  >99:1
4 NO, NO, CF; - 14 H CF3  CF,Br 104s (81)  >99:1
5 H H CF,Br 104a (62) 15 H NO,  CF.Br 104t (87) >99:1
6 H OMe CF.Br 104k (54)  <1:99 16 H Ac  CFyBr 104u (78)  >99:1
7 H Me CF,Br 1041 (73) 1:6.7 17 H t-Bu  CF,Br 104v (70) 1:6.7
8 H F CFaBr 104m (65)  1:3.3 18 OMe OMe CF.Br 104w (71)
9 H o] CF,Br 104n (69)  1.44:1 19  tBu t-Bu  CFyBr 104x (71)
10 H Br  CF.Br 1040 (63)  1.27:1

Scheme 40 Synthesis of N-aryl-2-fluorobenzimidazoles.
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Enaminones, arising from the union of nucleophilic enam-
ines and electrophilic enones, represent pivotal synthetic inter-
mediates due to their auspicious structural attributes.'**
Pyrrolin-4-one analogues, nitrogen-containing heterocycles,
find extensive utility as fundamental building blocks in the
design and synthesis of anti-cancer, anti-thrombotic, and anti-
bacterial pharmaceutical agents."®®

N R'  R2NH, R
RO ~ RT
! = (o) 7 NH

View Article Online
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The readily accessible enaminones 99a-t underwent PIFA-
mediated cyclization reactions to yield highly substituted pyr-
rolin-4-ones 100a-t, as reported by Huang et al'°® This
rearrangement reaction entails concurrent cleavage and for-
mation of C-N and C-C bonds (Scheme 37). PIFA engaged in
reactions via the ionic pathway. Noteworthy advantages of this
process include its mild reaction conditions, wide substrate

CN
PIFA = { 1
CH,Cl, R_\ | R
it N

107 108 100 R?
Entry Substrate product Yield(%) : Entry Substrate product Yield(%)
N N i N N
B N\ 86 X N\
NH N ! NH N
1 | 7 cl 73
109a 109g
N N
X A . . N N
NH N : 3 A N
2 cl Cl 92 : . Sh FsC N 5 CFy: 41
| 7-CF3: 43
109b i @ 109h
N N N N
N \ L N @ 80
3 g NH Br N 82 i NH N
i OMe MeO. i i n-Bu 100i 1-BU
109¢c i N N
N Me P10 o A 81
' NH N
MeO. MeO. ' A F
\ N\ : F n-Pr 109j n-Pr
NH N i
4 MeO MeO 71 ! N N
OMe ! MeO
i NH MeO N
. | |
i MeO n-Pr 109i n-Pr
N N i N N
= > L12 A ©f<~ 87
5 NH E N 85 ! NH N
F | ) |
cl cl ; Bn 109k Bn
109e i
' N N
N N 13 N N 70
i NH MeO N
N ! |
. 5 ; . | MeO i-Pr 1091 i-pr
MeO !
MeO Cl cl ol cl : N N
109f ; 1 cl N o { 5-Cl: 45
5 NH N 7-Cl: 41
i Bn

Scheme 42 Synthesis of a range of N-arylated and N-alkylated indole derivatives 109.
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CN CN versatility, accessibility of starting materials, and the attain-

R? RNH, PIFA \ ment of excellent product yields.
@ CHZC'Z ‘ N Spirocycles are integral components of pharmaceuticals,
107 R? natural products, and valuable materials.'”” Among these
1080-q 1090-q spirocycles, spiroindolenines have garnered significant atten-
tion among organic chemists due to their diverse array of bio-
Entry Substrate Product Yield(%) logical properties.'”® The key class of bioactive chemicals

Jﬁ 08 JD9O

N\_N
ne
108p \

©\;gt “n-Pr

N 108q

known as organoselenides, on the other hand, are widely

present in physiologically active substances and medi-

78 cations."” Organo-selenide synthesis has been the subject of

extensive research up to this point."*® Chen et al.'** described

a rapid, mild selenylative spirocyclization of indolyl ynones

101 via the use of PIFA that involved an ionic route and an

electrophilic cyclization to obtain selenated spiroindolenines

66 102a-z. Indolyl ynones undergo an electrophilic dearomative

cascade cyclization catalyzed by PIFA leading to the in situ

generation of RSeOCOCF; from diselenides. PIFA engaged in

reactions via the ionic pathway. This approach offers a rapid

and effective pathway to develop selenated spiro[cyclopente-

64 none-1,3-indoles] with diverse functional group tolerance
(Scheme 38).

Fluorine exhibits distinct properties, and consequently,

Scheme 43 Synthesis of novel pyrrole-fused aromatic compounds Organofluorine compounds, particularly those containing

1090-q.

OEt (0]

R'"  R2NH,
—_—

107

fluorine heterocyclic motifs, hold significant importance in

(0]
OEt (0] H OFEt
|
N. PIFA
X R — N R1
R1 CH20I2 N
rt R?
108r-s 109r-s

109r R' = CHj, R? = Ph (75%)
109s R' = Bn, R2 =n-Pr (68%)

Scheme 44 Synthesis of N-arylated and N-alkylated indole derivatives 109r-s.

o0 O

1 R? 1)
R? | N’ PIFA/TFA | | N-R
H”  NHMe CH,Cly, 1t
110a-n 1-12h O 44
Compound (a-n) 110/111 Compound (a-n) 110/111
a R" = 4-CICgH,, R2 = CH3 h R = 4-CICgH,, R? = n-Pr
b R'=Ph, R? = CH, i R = 4-CICgH4, R? = Ph
c R' = 4-MeCgH,, R? = CH, i R'=Ph, RZ=Ph
d R' = 4-BrCgH,, R? = CHj k R' = Ph, R? = 4-MeCgH,4
e R' = 2-CICgH4, R? = CHj4 1 R" = Ph, R? = 4-CICgH,
f R' = 3-CICgH4, R? = CH, m R'=2-Cl,R?=Bn
g R' = 4-NO,CgH,, R% = CH,4 n R' = Ph, R? = 4-MeOCgH,

Scheme 45 Reaction scheme for isoxazol-3(2H)-ones 111a—n synthesis.
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O
R2 OH
o} A\
PIFA (1.2 equiv.) R
. or TFA (1.2 equiv.) |R? \_PCOCFs KoCOs / EIOH 116
R \\ Ph — . o | r.t., 30 mins o or
(o) o) CH,Cly, r.t., 5°h R 0 !
2 OH

112 113 114 or 115 R B

R1 (0]

117

Entry Substrate R! R? Product % Yield

1 112a Ph Ph 116a 70
2 112b Ph OEt 116b 60
3 112c Me OEt 116¢ 68
4 112d Me Me 116d 41
5 112e Et Et 116e 64
6 112f iPr iPr 116f 71
7 112g tBu tBu 116g 78
8 113 - - 117 65

Scheme 46 The oxidative cyclo-isomerization of propargylated/allylated-1,3-diketones 112/113 to obtain analogues of furfuryl alcohols 116/117.

(0] 0}
R? PIFA (2.3 equiv.)
1 or PhI=O (3 equiv.) RZ%_//O
R Y \\ additive / solvent R1” O
112 118
Entry Substrate Method A Method B Method C or D
(°C) (h) 118 (%) (°C) (h) 118 (%) (°C) (h) 118 (%)
1 11a rt 2 78 rt 19 51 60 23 33
2 11b rt 3 60 60 4 53 60 19 31
3 11c rt 17 48 60 19 53 60 19 59
4 11d rt 5 30 rt 19 26 60 22 68
5 11e rt 9 38 rt 19 41 60 22 45
6 11f rt 21 24 rt 22 41 60 22 15
7 11g rt 17 35 rt 21 72 60 20 0

Method A: PIFA (entries 1,2 and 7: 2 equiv., entries 3-6: 3 equiv.), BF3.0Et, (1 equiv.)/CH,Cl5,
Method B: PIFA (entries 1-6: 3 equiv., entry 7: 2 equiv.)/HFIP,

Method C: (entries 1-3): Phl=0 (3 equiv.)/DCE-HFIP (3:1),

Method D: (entries 4-7): Phl=O (3 equiv.), silica gel/DCE.

Scheme 47 The oxidative cyclo-isomerization of different propargylated-1,3-diketones 112 to obtain analogues of furfurals 118.
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the fields of medicine, agriculture, and materials chem-
istry."> Notably, 2-fluoroalkylbenzimidazoles are recognized
for their potency as insecticides and herbicides."*?

The interaction of PIFA with N,N-disubstituted fluoroetha-
nimidamides 103 to produce N-substituted 2-fluoromethyl-
benzimidazoles was disclosed by Zhu et al''* as a novel
methodology for the synthesis of these compounds. The
group investigated the range and limitations of this trans-

View Article Online
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formation after determining the ideal conditions. As a result
of the initial testing of a number of N-aryl-N'-alkylfluor-
oethanimidamides 103, fluoromethylbenzimidazoles 104b-g
were obtained in moderate yields (Scheme 39). Furthermore,
N,N'-diarylfluoroethanimidamides were utilized, either sym-
metrically or asymmetrically, and the outcomes are compiled
in Scheme 40. PIFA engaged in reactions via the ionic
pathway.

; 0
o R
R1 5 |N
6 NH PIFA (2.5 equiv.) N
7 N _~ TFE, 0°C, 24h
8 HO
119 120
Entry Substrate R! Product % Yield Entry Substrate R! Product % Yield
1 119a H 120a 80 7 1199 6-NO, 120g 75
2 119b 5-NO, 120b 82 8 118h  6,7-(OMe), 120h 76
3 119¢ 5-F 120c 83 9 119i 7-Cl 120i 80
4 119d 6-Me 120d 79 10 119j 8-Me 120j 81
5 119e 6-OMe 120e 75 1 119k 8-Br 120k 76
6 119f 6-Cl 120f 81 12 1191 8-F 1201 82

Scheme 48 Synthetic scheme for analogues of dihydropyrroloquinazolinones 120a-1.

a)
o 0

PIFA, CH,Cly,
NHPMP o
NHR' N

R!

121a-g 122a-g

Entry R! 122 (%)

1 Me  122a(68)
2 allyl  122b (62)
3 PhCH, 122c (67)
4 Ph  122d (61)
5 H 122e (0)
6 COOEt 122f(0)
7 TolSO, 122g(0)

b)

o o]
, PIFA, CHyCly,
NHR TFA, 0 °C. N-R2
N

NHMe \
Me
121a, h-o 122a, h-o
Entry R2 122 (%)
1 p-OMePh  122a (68)
2 Ph 122h (60)
3 1-Naph 122i (61)
4 p-EtPh 122j (60)
5 p-BrPh 122k (45)
6 H 1221 (0)
7 PhCH,  122m (0)
8 allyl 122n (0)
9 OMe 1220 (0)

Scheme 49 a) Synthesis of indazolones 122a—g. (b) Synthesis of indazolones 122a,h—o.
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R® R? R® R?
J g e, 1
HO T, o R
R 42 O q:
Entry Enynol R! R2 R3 R4 Product % Yield
1 123a Ph H H Ph 124a 83
2 123b  4-CICgH4 H H 4-MeOCgH,4 124b 79
3 123c Et H H Ph - -
4 123d Ph Et H Bu 124d 54
5 123e  4-CICgH4 Et H Ph 124e 90
6 123f 4-MeCgH4 Et H Ph 124f 78
7 123g Ph CH(OTBS)Ph H Ph 1249 92
8 123h Et Et H Bu - -
9 123i Ph Et Et 4-MeOCgHy4 124i 81
10 123] 4-MeCgH,4 Bu Bu Ph 124 69
11 123k Ph Ph Ph—— Ph 124k 47

Scheme 50 Synthetic pathway for 2-acyl furan analogues 124a—k in presence of PIFA/I,.

R R
// R? PIFA:I-I:FNa:lCOQ, R3 /) )
HO , .t 0 R
R 123 O 124
Entry Enynol R? R2 R3 Time (h) Product % Yield
1 1231 Bu Ph Ph 2 1241 63
2 123m TMS Ph Ph 2 124m 82
3 123n Bu Ph Bu 2 124n 83
4 1230 Ph Ph Ph 2 - -
5 123p Ph Ph H 2 124p 53
6 123q Ph 4-CICgH, H 2 124q 64
7 123r CH,OTBS Ph Bu 1 124r 59
8 123s COOEt Ph Bu 2 124s 31
9 123t Bu Ph CH,OTBS 2 124t 76
10 123u COOEt Ph CH,OTBS 1.5 124u 42

Scheme 51 Synthetic methodology for 2-acyl furans 124l—u catalyzed by PIFA/I,.
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Wu et al™ introduced a method for synthesizing
different indoles 106 via cyclization reactions involving
2-vinylanilines 105 in the presence of PIFA, all conducted
under mild reaction conditions. This strategy exhibits
notable versatility and works well with a diverse array of
substituents, both electron-withdrawing and electron-donat-
ing groups on the aromatic ring and the nitrogen atom of
2-vinylanilines 105, resulting in the desired products with
moderate to good yields (Scheme 41). PIFA engaged in reac-
tions via the ionic pathway.

Du et al.''® have developed a method for the synthesis of
a range of N-arylated and N-alkylated indole derivatives 109
through a  PIFA-mediated intramolecular cyclization
(Scheme 42). This innovative approach enables the for-
mation of an indole framework by linking the N-atom in
the side chain to the benzene ring 108 in the final step of
synthesis. Furthermore, this method can also be employed
to produce novel pyrrole-fused aromatic compounds 1090-q
(Scheme 43) and N-substituted indole-3-carboxylic acid ester
109r-s (Scheme 44). PIFA actively engaged in the reaction by
following a free radical pathway, specifically through single-
electron oxidation. The creation of substituted indole frame-
works has garnered significant interest over the years, as the
indole unit has found increasingly diverse applications in
both natural products and designed medicinal agents.''”
This method stands out for its accessible starting materials,
mild reaction conditions, and straightforward workup
process.

3.7. Oxidative cyclization

Some compounds, both naturally occurring and synthetic,
feature isoxazolones and their heterocyclic counterparts as
central structural motifs. These compounds also encompass a

View Article Online
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diverse array of bio-, physio-, and pharmacological
properties.’*®'° Analogues of isoxazol-3(2H)-ones are com-
monly utilized in agrochemistry, materials chemistry, and
organic chemistry.'*°

Using PIFA/TFA as the catalytic system, Yuan et a
observed that a-acyl acrylamides 110a-n underwent intra-
molecular cyclization at room temperature (Scheme 45). This
chemoselective and mild oxidative transformation, free of
metal catalysts, provides an alternative methodology to create
O-N linkages, ultimately resulting in the formation of isoxazo-
lone analogues 111a-n. PIFA engaged in the reaction by follow-
ing the ionic pathway.

Saito et al.'**> employed PIFA in the oxidative cycloisomeri-
zation of propargylated/allylated p-keto esters 112/113, leading
to the formation of furfuryl alcohol analogues 116/117
(Scheme 46) as well as furfurals 118 (Scheme 47). The direct
synthesis of furfurals 118 from 2-propargyl 1,3-dicarbonyl com-
pounds was accomplished by PIFA in hexafluoroisopropanol
(HFIP) or PIFA-BF;-OEt, in CH,Cl,.

To cultivate novel motifs with enhanced potential for
generating potent lead compounds featuring advantageous
physicochemical attributes, structural modifications of
naturally occurring compounds represent a fundamental
design approach in contemporary drug discovery.'*®* This
approach facilitates the synthesis of analogues based on
natural compounds, a critical endeavor for synthetic
chemists.

Vaskevych et al."** detailed an oxidative and regioselective
PIFA-mediated synthetic methodology for the synthesis of
dihydropyrroloquinazolinones 120a-1, structural analogues of
vasicinone alkaloids, derived from quinazolinones 119a-l.
All quinazolones 119a-1 underwent 5-exo-trig cyclization,
resulting in the desired products 120a-1 obtained with

1 121

A N R N_ R
s 9 Y
\\ PhI(OCOCF3;),, grinding N\,  NaOH, EtOH-H,0 N
N rt., 65-81% N Reflux, 3h, 80-92% N
125 50;Ph 126)502Ph 12?
127a: R = CgHj

127b: R = CH206H5

127c: R = 4-pyridiyl

127d: R = 3-pyridyl

127e: R= 4-CH3OCGH4

127f: R =4-Cl-CgH,

1279: R = 3,4-di-CH;0CgH;

127h: R =2,3,4-tri-CH;0CgH,
CHjsl, KOH, DMSO |:127i: R =4-Bn0-3-CH30CgH;

Stirring, r.t.m 80%

127j: NH = NCHj; R = 4-Bn0O-3-CH30CgH5

127k: R= 4-HO-3-CH3006H3
1271: R=CH,
127m: R =CF;

Scheme 52 Synthetic scheme for indolyl-1,3,4-oxadiazoles 126 as well as 5-(3'-indolyl)-1,3,4-oxadiazole analogues 127a—m.

This journal is © The Royal Society of Chemistry 2024

Org. Biomol. Chem., 2024, 22, 3109-3185 | 3143


https://doi.org/10.1039/d3ob01964k

Published on 15 March 2024. Downloaded on 11/6/2025 3:58:13 PM.

Review

yields ranging from 75-83% (Scheme 48). PIFA engaged in
the reaction by following the ionic pathway.

Various domains within the field of chemistry have signifi-
cantly contributed to the advancement of organic synthesis

View Article Online
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over the years, with a major emphasis on identifying efficient
methodologies to facilitate complex transformations.'?

Correa et al.'*® effectively harnessed the potential of cost-
effective, easy-to-handle PIFA to synthesize functionalized

NH S N-S
PIFA 2
J\ )]\ _R? 1/4 /)\ R
R N7 "N - R N
N N DCE, r.t,, 3 mins N H
128 129
Cl | F
W O o
/ / /)\ / /)\ / /)\
7
129a 83% 129b, 81% 129c, 80% 129d, 79%
/ I ~ ~
£
129¢, 85% 129f, 86% 1299, 83% 129h, 80%

N" K
129i, 84%

N-S N-S \Q\
129j, 80%

COOMe

NC
R SRR e

H

129m, 77% 129n, 70%

N_

s Q/ N-S
/N/)\N /N/)\N
Br H Br H oM

OMe CN
vs (F ws O F
A //\N A /)\N

129k, 73%

Cl Br
o 7y (T
P P

129p, 81%

1291, 71%

1290, 84%

129q, 83% 129r, 78% 129s, 84% 129t, 85%
cl
N-S Q/ N-S N-8 Q
cl
Ipas AN o a's A Pleate:
Br =N H Br =N H — H
129u, 78% 129v, 82% 129w, 85%
Br
N—S Q/ N-S /©/ N-S /@
N / )/
4 N/QN/)\N /N\N/<N/)\N \S/QN/)\N
i_/ H §_/ H H
129x, 81% 129y, 86% 129z, 83%

Scheme 53 Synthesis of compounds 129a-z.
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indazolones 122 (Scheme 49). The use of PIFA on amide breakthrough allowed for the synthesis of N-heterocycles
derivatives 121 led to the generation of N-acylated nitrenium through N-N bond formation.

ions, representing the pioneering instance of successful intra- To achieve the synthesis of 2-acyl furans at room tempera-
molecular trapping of these ions by the amine group. This ture, Du et al.'®> employed an oxidative cycloisomerization

N Ar
N Ar N (@)

DCE,0°Ctor.t.

R2 30-90% R2
130 131
Entry Substrate Product Entry Substrate Product
Ph
CLs_. OO0 e O 3, B X
1
NMPh NS0 FsC ITIJ\/\Ph N0
|
| 130a 131a 130 131i1317"
Ph
Qg OO0 O -
2
)K/\ N o T)K/\Ph 'Tl o
|
cl ) Cl
Bn 130b BN 431p 130j 131j
Ph
@ SOUNE i )
3
J\/\ N0 N)J\/\Ph N0
MeO,C | MeO,C |
130c 131c 130k 1

Q. CCL =00
4
N)v\Ph N o) o)
J 130d J 1314 1301 131| B
o O
s O h, L s
kﬂph .
130e 131e 130m 131m
LS S m " [1 1
a 131
130f 131f 1300 n
15 0 Br O A l
k/\ N = N OBr
|
1309 131g ! 1300 1310
PN
Ph SGERN
DL €00 i 2
= S
I N I
130h 131h/131h"; 130p 131p

Scheme 54 Synthesis of 4-unsubstituted 3-arylquinol-2-one 131 via PIFA-mediated C—C bond formation and 1,2-aryl shift.
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approach using cis-enynols in the presence of PIFA/molecular
iodine. These reactions demonstrate efficacy with a diverse
range of substrates, making them valuable for the synthesis of
furan analogues. The proposition is that trifluoroacetylhypoio-
dite, generated in situ, serves as the activator for alkyne 123 in
these reactions. Employing this methodology, C-1/C-5 functio-
nalized cis-enynols have been processed, yielding 2-acyl furan
analogues 124 in notably high yields (Schemes 50 and 51).
PIFA engaged in the reaction by following the ionic pathway.

This method surpasses the IBX synthetic pathway, showcas-
ing superior attributes such as mild reaction conditions and
shortened reaction durations.

1,3,4-Oxadiazole analogues constitute prominent hetero-
cyclic motifs with diverse therapeutic properties,'”®'* serving
as crucial intermediates in the synthesis of organic
compounds.*°

In a solvent-free environment, Kumar et al."*" presented a
PIFA-mediated synthetic methodology for obtaining analogues
of 1,3,4-oxadiazoles 127 (Scheme 52). The key step in this
approach involved PIFA-mediated solvent-free cyclization of
N-acylated hydrazones 125. The in vitro anti-cancer activity of
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the synthesized 1,3,4-oxadiazoles 127a-m was assessed for
their potential against various cancer cell lines (PC3, LnCaP,
DU145, PaCa2, MD-MDA231, and MCF7).

Mariappan et al'*> have introduced an exceptionally
efficient method for producing 3-substituted-5-arylamino-
1,2,4-thiadiazoles 129. This innovative process involves the
intramolecular oxidative formation of S-N bonds within
imidoyl thioureas 128, with PIFA acting as the catalyst. PIFA
engaged in the reaction by following the ionic pathway. This
method stands out due to its metal-free character, broad appli-
cability across different substrates, rapid reaction kinetics, and
its capacity to deliver good to excellent yields, all while using
readily available starting materials. It represents a convenient
and gentle approach for synthesizing 3-substituted 5-aryla-
mino-1,2,4-thiadiazoles 129 in a remarkably short timeframe
at room temperature, as showcased in Scheme 53.

Liu et al.**® have introduced a novel and versatile method
for synthesizing a range of 3-arylquinolin-2-one compounds
131. This method involves the reaction of readily available
N-methyl-N-phenylcinnamamides 130 with PIFA in the pres-
ence of Lewis acids (Scheme 54). PIFA engaged in the reaction

E E
S PhI(OCOCF3), (1.5 equiv)
N CF3COOH (2.0 equiv) N
R T Ph R1—| / Ph
pZ TFE (0.05 M) Z~N
NH 0°tort,3h
132a-r 133a-r

Cl
N

133a, 84% 133b, 96% 133c, 97%

133d, 95% 133e, 92%

FACO /(:é;Ph /@%Ph )—Ph
»—Ph »)—Ph Me N F N cl N
N MeO N

133f, 93% 1339, 76% 133h, 95%
»—Ph »—Ph
FsC N N
OMe
133k, 90% 133, 88% 133m, 90%

133i, 83% 133j, 84%

»—Ph »—Ph X
Q% q;% | 2>—Ph
o
Me F N7 N

133n, 87% 1330, 90%

‘Bu

ﬁﬁ% @g"“ ©§gph
/4 | / /
Z N Z N N

133p, 95% 133q, 63%

133r, 84% (d.r.: 1:1)

Scheme 55 Investigation of the scope and limitations of the oxidative generation of N-aryl nitrenes.
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by following the ionic pathway. What sets this approach apart
is its ability to facilitate metal-free oxidative C(sp®)-C(sp®)
bond formation and a distinctive 1,2-aryl migration.

Deng et al."** have introduced a method for oxidizing 2-sub-
stituted anilines 132 at low temperatures without the need for
protecting groups. This process generates an electrophilic
N-aryl nitrenoid intermediate capable of participating in the
formation of C-NAr bonds, enabling the construction of
functionalized N-heterocycles 133 (Scheme 55). When 2-sub-
stituted anilines are exposed to PIFA and trifluoroacetic
acid, or 10 mol% Sc(OTf)s, it triggers the formation of the
nitrenoid intermediate. Subsequently, this leads to the selec-
tive and efficient formation of C-NAr and C-C bonds, result-
ing in the creation of spirocyclic or bicyclic 3H-indoles or
benzazepinones 133 or 137. PIFA engaged in the reaction by
following the ionic pathway. The generation of 3H-indoles
occurs as the N-aryl nitrogen reactive intermediate is cap-
tured by the ortho-alkenyl substituent, triggering a 1,2 shift.
The direction of this shift is controlled by the stabilization
of the partial positive charge and the reduction of inter-

View Article Online
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actions between the aryl C-H and hydrogen atoms on the
contracting ring. By altering the identity of the ortho substi-
tuent on a cyclobutanol 136, access to benzazepinones 137
is achieved through a selective and stereospecific ring-expan-
sion reaction (Scheme 56).

Zheng et al.'® have introduced an efficient method for
synthesizing biologically significant 1,2,4-triazolo[1,5-a]pyri-
dines 139 from N-(pyridin-2-yl)benzimidamides 138, utilizing
PIFA-mediated intramolecular annulation (Scheme 57). This
innovative approach enables the convenient construction of
the 1,2,4-triazolo[1,5-a]pyridine framework through direct
metal-free oxidative N-N bond formation. The method stands
out for its brief reaction time and high yields, representing a
novel pattern of N-N bond formation mediated by PIFA. PIFA
engaged in reactions via the ionic pathway, contributing to the
process through its involvement in the ionic mechanisms.
Remarkably, this method accommodates a broad range of sub-
strates, offers mild reaction conditions, and delivers high
yields, rendering it exceptionally efficient for click chemistry
applications.

1. PhMgClI
then
HO : R®
| ;}o 3 PhI(OCOCFs), (1.5 equiv) /
R1_.\ R2 135 R1_.\ R2 Sc(OTf)3 (10 mol%) R1_.\
| _— | |
Z > NO, 2.Fe, NHCI Z “NH, TFE (0.1 M) ZNN
134 0°Ctor.t.,3h H O
136a-s 137a-s
MeO Me F
N m m m
H © H O H © H ©
137a, 93% 137b, 80% 137c, 90% 137d, 88%
cl F3CO
N m Mem Fm
H o H O H © H O
137e, 85% 137f, 80% 137g, 90% 137h, 78%
'Bu Ph
H O H © H O H O
137i, 84% 137j, 81% 137k, 81% 1371, 97%
HO PhI(OCOCF3), (1.5 equiv)
Sc(OTf); (10 mol%) m
NH N"0
2 H
136m 137m, 90%

Scheme 56 Construction of benzazepinones 137 from 2-cyclobutanol-substituted anilines 136.
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Scheme 57 Synthesis of 1,2,4-triazolo[1,5-alpyridines 139.
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Sun et al.'*® have successfully developed an innovative
method for synthesizing a novel class of spirofurooxindole
molecules 141. This process, mediated by hypervalent

View Article Online
Review
under metal-free and mild reaction conditions. They

achieved this by conveniently converting 3-(2-hydroxyphenyl)-
3-ox0-N-phenyl propanamides 140 and their derivatives into

iodine, involves a cascade of C-O and C-C bond formations previously undocumented spirofurooxindoles 141
o o ©R1 PIFA, TFA, BF; Et,0
) (\fJ\)J\N DCE, 0°Ctor.t.
R2- s 30-90%
= OR? R
140
Entry Substrate Entry Substrate Product
F
L NS (
1 N
9 |
OH 140i 141i; 67%
140a
2 ©fl\/u\ /(j
140b

0]

140h 141h; 78%

MeO

Scheme 58 Synthesis of spirofurooxindole molecules 141.
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(Scheme 58). PIFA engaged in reactions via the ionic
pathway. Control experiments substantiated that this spirocy-
clization process unfolds as a sequence of oxidative reac-
tions, with the formation of a C-O bond preceding the for-
mation of a C-C bond.

Yuan et al'® have introduced an innovative oxidative
cascade cyclization process involving o-[(f-dimethylamino)pro-
penoyl]-alkyl amides 142, under the mediation of PIFA and
TEMPO. This transformation comprises a radical-induced azir-
idination, ring-opening reaction, and intramolecular
O-alkylation sequence (Scheme 59). PIFA actively engaged in
the reaction by following a free radical pathway, specifically
through hydrogen abstraction. The noteworthy features of this
reaction are its mild reaction conditions, straightforward
execution, and its capacity to yield good results while main-
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taining high levels of chemoselectivity and regioselectivity. As
a result, it offers an efficient and convenient approach for
synthesizing polysubstituted 3,7-dihydro-oxazolo[4,5-c]pyri-
dine-2,4,6-(5H)-triones 143.

3.8. Oxidative reaction

Jiang et al.*® elucidated a mild, PIFA-mediated practical syn-
thetic pathway for the conversion of alkyne 144 or alcohol 145
into carboxylic ester 146 or 147. The reaction exhibited toler-
ance to a wide array of substrates with diverse functionalities,
resulting in the synthesis of carboxylic esters in high yields
(Scheme 60). PIFA actively engaged in the reaction by following
an ionic pathway. Mechanistic inquiries disclosed that the
transformation proceeds through intermediates such as hydro-
xyethanones and ethanediones.

(0] R',z \R3
2 o)
SN Fé3_,’ PIFA/TEMPO o
' —_— o_ﬂ/ |
R* N N
R'HN™ 0 P R
142 R43 0
143a, R' = Ph, 71% 143f, R! = 2,4-Me,ICgH,, 32%
143b, R' = 4-MeCgH,, 75% 143g, R" = 2-MeCgHj,, 30%
0 o 143¢, R = 4-CIC¢H,, 74% 143h, R' = 2-CICgHy, 47%
0:<N | N. 143d, R = 4-MeOCgH,, 70% 143i, R' = 2-MeOCgHy, 52%
/ Ri 143e, R = 3-CICgH,, 72%
o)
2 - R3 =
143}, R? = Et, R® = Bn, 74% 1430, RO =R =nBn,77%
R, Rs 143k, RZ=Et, R3=allyl, 72% 1490 R =R =-(CHp)y-, 24%
o © 143, R?=R3=Bn, 76% 143p, R%= R™=~(CHy)s-, 50%
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/N Ph
o)
_j/o | 0 :<o l o
o o
N NN
© o cl
143q, 42% 143r, 44%
o 0 143s, R* = Ph, 76% 143v, R* = 4-MeOCgH,, 80%
o= | 143t, R* = 4-MeCgH,, 78% 143w, R* = Bn, 75%
N N.pp, 143u, R* = 4-CICgH,, 73%
R* o

(0]

O
o~ X

I,

143x, 79%
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o) 0]
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N “Ph
Ph o)
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Scheme 59 Synthesis of polysubstituted 3,7-dihydro-oxazolol[4,5-c]pyridine-2,4,6-(5H)-triones 143.
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Scheme 60 Synthetic pathway for oxidative esterification with varied substrates.
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22 144v @%Pr MeOH
146v O~ 57
COOMe
146a @COOMG 54
23 144w @%Bu MeOH
1469 54
~">C0o0Me
24 144a @{ EtOH 146t @—COOEt 78
25 144a @—: nPrOH 146u @COOPr 72
26 144a @—: iPrPH 146v @—coopr" 67
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28 144a —@—: EtOH 146x @—COOEt 74

Scheme 60 (Contd).

3-Substituted 2-oxindole moiety is a versatile structure
employed in the synthesis of biologically relevant indole
compounds.'®® Liang et al'*® established an efficient meth-
odology catalyzed by PIFA/n-Bu,NCI-H,O for the rapid in situ
transformation of indoles into their respective 2-oxindoles.
The reaction exhibited broad functional group tolerance and
could furnish 2-oxindoles 149/150 in yields of up to 95%
within just 5 minutes. Notably, this methodology was

3152 | Org. Biomol. Chem., 2024, 22, 3109-3185

applied successfully in the synthesis of (—)-folicanthine and
demonstrated gram-scale preparation capability. The find-
ings of their investigation involving substituted indole
derivatives 148 are summarized in Scheme 61. To extend
the applicability of these transformations, reports on 3-sub-
stituted indoles 150 were also presented (Scheme 62).
Moreover, the synthetic methodology was utilized to convert
indole derivatives 152 into oxindole analogues 153 with
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Scheme 61 Synthetic scheme with substituted indole derivatives 148.
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Scheme 62 Synthesis from 3-substituted indole derivatives 150.
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Scheme 63 Transformation of indole derivatives 152 into oxindole ana-
logues 153.

moderate yields (Scheme 63). PIFA actively engaged in the
reaction by following an ionic pathway. This reaction
sequence boasts advantages such as minimal reaction times
(<5 minutes), high functional group tolerance, and excellent
yields.

Given the extensive range of applications in which nitro-
arenes have been employed over the past century, including
insecticides, dyes, agrochemicals, and medications, they are
recognized as significant structural motifs."*"

Chatterjee et al."** introduced a metal-free synthetic meth-
odology based on PIFA/NBS to functionalize organoboronic
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acids 154 with a -NO, group 155 at room temperature. The
envisioned reaction involved the generation of NO, as well as
organoboronic acid radicals, which subsequently combine to
establish the O-N linkage. Following this, the -NO, group
experiences a 1,3-aryl migration, ultimately becoming incor-
porated into the aryl moiety. This approach is distinguished by
its simplicity, utilization of readily accessible substrates, and
exceptional efficiency. Nitration was successfully demonstrated
with a diverse array of starting materials (Scheme 64). PIFA
actively engaged in the reaction by following a free radical
pathway. Additionally, the typically challenging task of
nitration for hetero-arylboronic acids 156 was achieved con-
veniently through this methodology, yielding highly favorable
results (Scheme 65).

Kinugawa et al.'** reported the convenient synthesis of the
indoloquinone anti-tumor agent EO 9 (163)'** on a large scale.
The aminoindole 159 was obtained from 158 upon treatment

PhI(OCOCF3),

NBS, NaNO,
(Het)Ar-B(OH), ———————» (Het)Ar-NO,
156 CHLCN, rt., 3h 157

CL 00 OO0 CO

157a (83%)

157b (84%) 157¢ (83%) 157d (85%)

Scheme 65 PIFA-mediated ipso nitration of heteroarylboronic acids.
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—_— >
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154 155
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NO, N02
( j [ j RO ANNOA
155a (82%) 155b (93%) 155¢ (90%) 155d (89%)  155e (92%) 155f (92%)
NO,
99 @ @ Cf O o
155g (88%) 155h 80% 155i (87%) 155] (91%) 155k (94%) 1551 (90%)

o & &7 e

155m (92%) 155n (80%) 1550 (90%) 155p (74%)

Scheme 64 PIFA-catalyzed nitration reaction of aryl- and alkylboronic acids.
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with tin and HCI in 81% yield. 4-Aminoindole 159 then under-
went oxidation in the presence of PIFA to result in the for-
mation of the corresponding indoloquinone 160 (Scheme 66).
EO 7 (162) was derived from 160 by reduction, followed by
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diisobutylaluminium hydride reduction and then finally air
oxidation (Scheme 67). In the final step, substitution of
methoxy group with ethylenimine results in the incorporation
of aziridinyl group to give indoloquinone 163 (Scheme 67).

Sh, aq. HCI, PIFA, t-BuOAc,
COOMe Etoﬂ COOMe phosphate buffer, p1o0 COOMe
80 C 1h 25 C, 1h | \
81 % 78 %
COOEt " COOEt N COOEt
Me
1 58 159 160

Scheme 66 Synthesis of indoloquinone 160.
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NaS,04, H,0, CHCl3 MeO 3h, then air -
0,
\ COOEt 7%
M

e
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o) OH
eO aq. ethylenimine,
A\ \ CH3CN, 30°C, 3.5h
N 85%
o) Me OH

EO 7 (162)

A (0] OH
N A\
> N \
o) Me OH

EO 9 (163)

Scheme 67 Synthetic scheme for hydroquinone 161, indoloquinone EO 7 (162) and indoloquinone antitumor agent EO 9 (163).
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Scheme 68 Synthesis of diporphyrins 165 and 166.
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Scheme 69 Reaction pathway for Cu(n), Ni(i) and Pd(i) porphyrin coupling.

Ph
Ph

Ar

Ph

Ar 169

2.5 equiv. PIFA
CH,Cl,
82%

Ph

Scheme 70 PIFA-mediated coupling of hybdrid diphorphyrin.

Covalently linked multiporphyrin arrays represent impor-
tant functionalities due to their wide range of applications,
including nonlinear optical (NLO) devices, molecular wires,
photosynthetic systems, and sensors.™**

Ouyang et al.'*® described an effective methodology utiliz-
ing PIFA to obtain diporphyrins 165, 166 and 168 in the
absence of a metal. The porphyrin array exhibited strong
selectivity for Zn(n) porphyrins 164 (Scheme 68). The reaction
was also performed with Cu(u), Pd(u) as well as Ni(u) porphyr-
ins 167 (Scheme 69). The diporphyrin precursor 169 was
chosen because of its straightforward synthetic methodology
with a 91% yield.'*”**® Singly linked tetraporphyrin 170a was
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Scheme 71 Oxidation of benzyl ethers 171.
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obtained with an 86% yield by the addition of 0.5 equiv. of
PIFA. On increasing the equivalents of PIFA to 2.5, the por-
phyrin array 170b was produced in 82% yield. It consisted of
one triple linkage and two single linkages (Scheme 70).
Spyroudis et al.'*® reported the oxidation of benzyl ethers

171 to their respective carbonyls 172 and benzyl trifluoroace-

O O ;
PIFA (1.5 equiv)
i A —
VMeCNNwater =10:1
174 60°c
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tates 173 using PIFA (Scheme 71). PIFA actively engaged in the
reaction by following an ionic pathway.

Liu et al.**® have introduced a simple and direct oxidative
method for producing vicinal tricarbonyl amides 175, yielding
from moderate to excellent results, in the range of 53% to
88%. This process commences with the use of readily accessi-
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Scheme 72 Synthesis of vicinal tricarbonyl amides 175.
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Scheme 73 One-pot synthesis of quinoxaline derivative 178.

1) PIFA, PhCONH, (0.3 equiv), CH;Clp, 22°C /K/OH
2) NaBH,, MeOH, 22°C, 12 h

R

179a-r 180a-r, (time, yield)

OH (2-naphthyl)

180a, R' =H (12 h, 90%) 180c, (15h, 92%) 180d, (15 h, 66%) 180e, R' = Boc (36 h, 42%)

180b, R' = F (20 h, 68%) 180f, R' = TBDPS (36 h,
OH 1809, R® = H (1 h, 58%) 36%)
2 180h, R® = 4-F (10 h, 42%)
R3St N 180i, R3 = 3-CI (10 h, 68%) OH
A OH 180j, R®=4-CI (10 h, 76%) OH Ph/f\g/Ph
180k, R® = 4-Br (10 h, 84%) HG OH
1801, R® = 3-CF; (48 h, 82%)
180m, R® = 4-CF5 (48 h, 59%) 180q, (10 h, 76%)  180r, (40 h, 68%)
180n, R® = 3-NO, (48 h, 65%) di:meso = 1:6
1800, R® = 4-CHO (48 h, 82%)
180p, R®= 3-CHO (48 h, 72%)
OH 0
1) PIFA (3 equiv), PhCONH, (0.3 equiv),
XX CH,Cl, 22°C PIFA H
2) K,CO3, MeOH, 22°C, 12 h OH | oxidative
cleavage Benzaldehyde
1799 180g 60%)

Scheme 74 One-pot synthesis of vicinal diols 180a-r.

| 181g,R=H (10, 90%)
PIFA O 181s, R = OMe (0.5h, 84%)
/©/\ 4-TsNH, (0.5 equiv) /O/\( 181 t, R = OAc (10h, 99%)
IS o) 181 u, R = OTBS (0.5h, 92%)
R MeOHISHCL (1) R ™ 181v, R= OTBDPS (0.5h, 94%)

179 181 (time, yield) 181 w, R = OBoc (10h, 93%)
181 x, R = NHBoc (0.5h, 65%)

Scheme 75 Synthesis of anti-Markovnikov methyl acetals from styrene derivatives using Lewis base-activated HIR.
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ble p-ketoamides 174 in the presence of PIFA, as outlined in
Scheme 72. The advantages of this approach encompass the
accessibility of starting materials, the attainment of high
yields, the flexibility to introduce various substitutions, and
the substantial synthetic potential of the resultant products.
To further expand the versatility of this method, subsequent
modifications were executed using benzene-1,2-diamine 177 in
conjunction with 4-methylbenzenesulfonic acid at 60 °C in a
one-pot reaction. Encouragingly, this approach proved effective
for a range of aliphatic f-ketoamides, spanning from 174z to
174c¢’, and even extended to aliphatic p-keto ester 174d’, yield-
ing their respective derivatives 178z to 178d’ with cumulative
yields spanning from 41% to 87% (Scheme 73).

1,2-Diols play a crucial role in the synthesis of pharmaceuti-
cals and natural compounds. The direct addition of oxygen
atoms to adjacent positions (vicinal dioxygenation) of olefins
is a simple and widely employed approach for the preparation
of 1,2-diols. Numerous effective methods have been developed
and are extensively utilized in contemporary chemistry.">*

View Article Online
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Pan et al.'>* have introduced a catalytic method for accom-
plishing the vicinal dioxygenation of olefins 179 (Scheme 74).
They employed hypervalent iodine reagents with Lewis bases
as catalysts. These reaction conditions are gentle and versatile,
making them suitable for a wide array of functional groups.
After fine-tuning the reaction conditions, they investigated the
practicality of this dioxygenation process in a one-step
approach, leading to the synthesis of the corresponding diols
180. Significantly, the authors were pleased to discover that
styrenes 179 carrying diverse substituents, such as ethers,
esters, silyl ethers, OBoc, and NHBoc, were well tolerated,
yielding the desired products 181 with robust yields and excep-
tional selectivity, as illustrated in Scheme 75. PIFA actively
engaged in the reaction by following an ionic pathway.
Crucially, this method is compatible with compounds that are
sensitive to both acids and oxidants.

Hamada et al'®® achieved the oxidation of p-methoxy
benzyl (PMB) ethers 183 using a nitroxyl radical catalyst
labeled as catalyst 182. This catalyst features electron-with-

182 (10 mol%)

PIFA (1.05 equiv)

NaHCOs3 (4 equiv Me, Me
R "R R "R g/

CH,Cly, rt., 2 h;

183 Na,S,03 aqg. workup 184 182

WOH A oH

184a, 95% 184b, 90% 184c, 96% 184d, >99% 184e, 88%
OH
QPh ©/\OH OH
""OH )
184f, 96% 1849, 91% 184h, 70% 184i, 76% 184j, 91%
MOH N._ O, _,OH
= ™M
/(/\74\(\ A Meo‘/\EOH L\( 6 HO\/(/\%OH
_N 9
OH
184k, 55% 184i, 52% 184m, 81% 184n, 51% 1840, 84%
OTs
TsO o) ©[ OH
A OTs OH
/@A NATon ©/ Bnot LoH
OH |
OTs 184p, 89% 184q, 86% 184r, 79% 184s, <5% 184t, 89%
A NAPOM |
| A _
E O EO sOH ACO{/\EOH MOMOQOH TBDF’SOHG\OH Cbz NC>70H
ST ' 184u, 94%  184v, 91% 184w, 93% 184x, 92% 184y, 73%

Scheme 76 Oxidative deprotection of PMB groups by I/PIFA.

This journal is © The Royal Society of Chemistry 2024

Org. Biomol. Chem., 2024, 22, 3109-3185 | 3159


https://doi.org/10.1039/d3ob01964k

Published on 15 March 2024. Downloaded on 11/6/2025 3:58:13 PM.

Review

182 (10 mol%)
NaHCO; (4 equiv)

opmve H20 (2 equiv) o MeOMe"’
PIFA (2.2 equiv) )J\
R™ R CH,Cly, rt,2h; R™ R

183  Na,S,03 aq. workup 185
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©i
185i, 87%
©f05

185ac, 77%

0 0
H ©/\)\ ©)J\H
185a, 60% 185c¢, 84% 185h, 71%
o}
o o
ol }/Cf
185z, 73% 185aa, 92% 185ab, 78%

OPMB

183ab

Scheme 77 Direct synthesis of ketones and aldehydes from PMB-protected alcohols by I/PIFA.

4‘7 +
186
Ph O
NH | NH
Ph Ph
Ph
188

Condltlon A

Condltlon B

187

Condition C

Condition D

Condition A: i) DCM, EtOH, r.t., 10 minii) 1 eq. PIFA, r.t, 1 h

Condition B: i) DCM, EtOH, r.t., 10 minii) 4 eq. PIFA, r.t, 1 h

Condition C: NaBH,, DCM, EtOH, rt., 1 h

Condition D: i) DCM, EtOH, r.t., 10 min ii) 1 eq. PIFA, r.t, 1 h, yield: 85%

Condition E: MeOH, DCM, r.t., 2 days

Scheme 78 Synthesis of 187, 188 & 189.
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drawing ester groups positioned in close proximity to the
nitroxyl group. The removal of PMB protective groups from
hydroxyl compounds occurred through oxidative deprotection
when catalyst 182 was treated with an equivalent of the co-
oxidant PIFA (Scheme 76). This system displayed remarkable
selectivity in deprotecting PMB ethers, even in the presence of
a diverse range of functional groups, some of which are sus-
ceptible to oxidation. The desired carbonyl compounds 185
were obtained by reacting the PMB-protected alcohols 183 with
catalyst 182 and an excess of PIFA, as illustrated in Scheme 77.
PIFA actively engaged in the reaction by following a free radical
pathway, specifically through single-electron oxidation.

Zhang et al.'> have reported the synthesis of 21-ethoxy-
and 21,21-diethoxy-ONCPs 187 and 188 through a sequence

View Article Online
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involving the conjugate addition of ethanol followed by oxi-
dation with PIFA. This process enabled the inner ethoxylation
of 3-oxo-N-confused tetraphenylporphyrin 186 (ONCP)
(Scheme 78). The initial step involved the oxidation of ONCP
with PIFA, followed by treatment with ethanol, resulting in the
generation of two additional N-confused phlorin derivatives,
denoted as 190 and 191 (Scheme 79). The transformation from
186 to 187, 188, 189, 190 and 191 has been well established
through the use of PIFA and ethanol. This signifies the versati-
lity of the conjugated lactam structural feature for making
modifications at both the C21 (inner core) and the C10 (outer
meso-position) of these molecules. The formation of phlorins
190 and 191 highlights that ONCPs serve as an intriguing plat-
form for meso modifications. N-Confused porphyrins (NCPs),

Ph O Ph O
i) PIFA, DCM NH NH
i) EtOH, r.t., 6 h
Ph Ph + Ph Ph
EtO HO
Ph O
\ NH Ph Ph
190 191
Ph Ph—
Ph O
Ph NH
186
PIFA, DCM, r.t. 1h Ph Ph
HO
Ph
191
Scheme 79 Synthesis of N-confused phlorins derivatives, denoted as 190 and 191.
RCONH, —1-PIFA, HCI RNH,
192a-s 2. NaOH 193a-s
55-92%
Comp. (a-q) 192/193 Comp. (a-q) 192/193
a R = CH3CH, k R = cyclohepty!
b R = CH3(CHy)4 1 R = 1-adamantyl
¢ R = (CH,;)5C m R = 3-cyclohexeny!
d R = CgH5CH(CH3) n R = 1-napthyl-CH,
¢ R= p-CH3OC6H4CH2 (1] R = EtO,CCH,CH,
f R= N02C6H4CH2 p R= H02CCH20H2
g R = cyclobutyl q R = Et;NCOCH(NHAC)CH,CH,
h R = cyclopentyl r R= Ac-HN—(l:H’
CH,CgHs
i R= Ac-AIa-HN—(I:H-CO-AIa-GIy S R= Ac-HN—CIIH'
CH2CH2- CHZ(CH?:)Z
j R = cyclohexyl

Scheme 80 Synthesis of pyridoquinazolin-6-ones 193a-s.
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)OJ\ PIFA ®
R” "NH;  Acetonitrile:H,0 R1l\19|-;3
194 (1:1)

Amide RCONH, Amide RCONH,

Product RNH;*CI" % Yield Product RNH3*CI- % Yield
R= R=
CH;CH, 85 3-cylcohexenyl 75
CH3(CH,), 92 1-naphthyl-CH, 85
(CHs)sC 92 EtO,CCH,CH, 86
CgHsCH(CHs) 84 HO,CCH,CH, 81

P-CHzOCgH,CH, 70 EtNCOCH(NHAC)CH,CH, 55

NO,CgH4CHs 85 AcAZNH.GHCO-ARGY
Cylcopentyl 91 CH,CHy~
ACNHGH-

Cylcohexyl 90

yieonexy CH,CqHs &
Cylcoheptyl 85

yiconepty ACNHCH- s
1-adamantyl 85 CH(CHy),

Scheme 81 Transformation of 1° amides to amines by PIFA-mediated
rearrangement reaction.

B-galacto a-talo

OR' PhSeSePh (0.65 equiv) OR'
PIFA (0.6 equiv) (0}

o fo) o OR'
PiSe
Y o ROH (1.5 equiv) 0%( o Oi/ a
[¢] > —_— lo) OrR * [e]
MeCN, r.t., 30 min SePh
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introduced by the Furuta and Latos-Grazynhski groups,'>>'>°
exhibit fascinating properties distinct from regular porphyrins
due to the presence of a unique pyrrole arrangement.

3.9. Hoffmann reaction

Organic fluorescent molecules are significant molecules in
varied scientific domains, including chemical biology, photo-
catalytic chemistry and materials research owing to their speci-
ficity, easy accessibility, and stability as well as sensitivity."””
Gao et al.’® reported an effective and simple methodology to
construct pyrido-quinazolin-6-ones 193 by subjecting readily
accessible carboxamide derivatives 192 to Hofmann rearrange-
ment. The PIFA-catalyzed reaction was performed at room
temperature for 1 hour to obtain the pyridoquinazzolin-6-ones
193a-s in 55-92% yields (Scheme 80). PIFA engaged in reac-
tions via the ionic pathway. This straightforward methodology
allows the development of excellent yields of fluorophores che-
moselectively under mild conditions. The reaction also toler-
ates a range of functional groups.

Loudon et al.'® employed PIFA under mild acidic con-
ditions to catalyze the rearrangement of aliphatic amides 194,
yielding amines 195. The reaction, known as the “acidic
Hofmann rearrangement”, proceeds with complete retention
of configuration for the migrating group. Although the reac-

BnO
BnO BzO
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197 R'=Ac 199
o
o OTBDPS /\o o ,OTBOPS 198b R" =Bz (88%)

0§( 198c R" =Piv (88%)

o# o o

0 o OQS/O
SePh SePh
OoR"
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o OTEDPS o OTBDPS o oTeoPS
[0} N3 (o) o)
S o s N o
(0] (0] o o] o) o)
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198d (88%) 198¢ (84%)
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206a: R®= TBDPS, R* = H
206b: R® = H, R* = PMB
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205b: R' =H, R?=Bn

OTBDPS OTBDF’SBocHN
o o A
pUEN G R (LW
SePh SePh
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o} o7 0Bz
ﬁ/ o 0Bn V\ &
o o o734 o o o
G SePh SePhBnO
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OMe
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Scheme 82 Synthetic scheme for stereoselective formation of 2-phenylseleno-2-deoxy-p-galactosides.
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Scheme 83 Phenylselenoglycosylation reaction of 2,3-O-carbonate-2-hydroxyglucals.

tion involves isocyanates as intermediate species, under mildly environment. The addition of pyridine to maintain a pH of
acidic conditions, they rapidly degrade to yield amines. The approximately 3 expedites the reaction. Scheme 81 provides
resultant amines 195 are protected from urea formation due to  additional visual representations of the reaction. PIFA engaged
the degradation of isocyanate intermediates in an acidic in reactions via the ionic pathway.
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3.10. PIFA in carbohydrate chemistry

Glycoconjugates and oligosaccharides are crucial components
for numerous biological processes."®™'®’ Meng et al'®
described a PIFA-mediated phenylselenoglycosylation of glycol
analogues under benign conditions. By attachment of fused
carbonate to the glycols, stereo-selective glycosylation was
accomplished. Galactal 196 resulted in the formation of 2-phe-
nylseleno-2-deoxy-f-galactosides in all of these noncarbohy-
drate acceptor processes in excellent yields (Scheme 82).
Additionally, they reported the glycosylation of compound 196
with various acceptors derived from sugars 200-206. The
majority of primary alcohols and several secondary alcohols
exhibited efficient reactivity with 196, yielding the corres-
ponding p-linked disaccharides in yields ranging from 83% to
90%. When coupling with sugars 203 and 204, disaccharides
198m and 198n were obtained with yields of 57% and 62%,
respectively, and lactol 207 was isolated in yields of 36% and
30%, respectively (Scheme 82). The glycosylation of 197 with
acceptor 201 under the optimal condition provided f-linked
disaccharide 200 in 89% yield. The phenylselenoglycosylation
process was applied to a variety of 2,3-O-carbonate-2-hydroxy-
glucal 208-212 donors to produce the 2-phenylseleno-2,3-O-
carbonate-mannosides 213-217 in yields of 81-94%
(Scheme 83). For comparison, donors protected by 2,3-O-car-
bonate 208, 4,6-O-benzylidene 220, 2,3-O-isopropylidene 218
and peracetylation 219 with structural flexibility were also syn-
thesised. The best conditions were utilized to glycosylate these
four donors in methanolic media (Scheme 84). The majority of
donor 219 was retrieved after 24 hours, likely due to its limited
reactivity attributed to the electron-withdrawing impact of 2-O-
Ac. Conversely, the electron-rich olefins in 218 and 220 could
be overly responsive to electrophilic species, possibly causing
them to react directly with PIFA, leading to the formation of

AcO AcO
AcOio) Aco/io)
o) > o) >
)\o o
8

T
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intricate byproducts. Intriguingly, only the reaction involving
donor 208 yielded promising results, with the identification of
product 213a as a p-glycoside. PIFA engaged in reactions via
the ionic pathway.

The complex oligosaccharides located on the cell surface
play crucial roles in various biological processes, particularly
in cell-to-cell adhesions, as evidenced by advancements in the
field of glycosciences. Drugs containing glycoside linkages are
now commonly employed in the treatment of diabetes, influ-
enza virus, and cardiovascular ailments.'®?

Substituted analogues of b-glucopyranoside as well as
p-galactopyranoside were utilized as the glycosyl donors in the
study by Kajimoto et al.*®* The reaction gave good yields with
cholestanol, 1-,2-adamantanols as well as (—)-menthol acceptor
molecules. Thioglycosides 221, and 222 and a range of alka-
nols 223-230 were glycosylated by activating PIFA with TfOH
(Scheme 85). Additionally, utilizing this reaction scheme, dis-
accharides with a p-glucosamine/galactosamine 231j-k func-
tionality at the non-reducing end can also be synthesized
(Scheme 86).

3.11. One-pot reaction

Tetrazoles, known for their high lipophilicity, serve as impor-
tant heterocyclic motifs and bioisosteres of carboxylic acids
and amides.'® Imai et al.'®® achieved the direct synthesis of
various 5-aryl-2-methyltetrazoles and 5-aryl-2-benzyltetrazoles.
The researchers prepared a library of arylated tetrazoles
through a two-step process starting from substituted aromatic
aldehydes 232. In the initial step, the aldehydic substrates
were reacted with hydrazones A and B. This was followed by a
reaction with DBAD/PIFA, resulting in the desired tetrazoles
233 (Scheme 87).

PhSeSePh (0.65 equiv)
PIFA (0.6 equiv)

O .
208 MeOH (1.5 equiv) Products
AcO 0 MeCN, r.t., 30 min
AcO o, P % 0
AcO ~ BnO P>
219 OAc 220 OBn
Entry Donar Result
1 208 93%, 213a
2 218 decomposed
3 219 no reaction
4 220 decomposed

Scheme 84 Glycosylation of 2-hydroxyglucals 208, 218-220.
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o
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Scheme 85 PIFA/TfOH catalyzed glycosylation reaction of thioglycosides as well as various alkanols.
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Entry Donar Acceptor Product % Yield

AcO
1 221 231 °AcO 87
OBn OMe
230j
2 222 231 é 63
OBn OMe
230k

Scheme 86 Disaccharide synthetic methodology via thioglycosylation in presence of PIFA/TfOH.
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RNHNH_2 DBAD (1.3 equiv.)
| A (1.2 equiv. | X PIFA (2.5 equiv.) N
_—— _——
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B: R = CH,Ph
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Cl Br F CF3 NO,
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Scheme 87 Synthetic scheme for transforming aromatic aldehydes to 2-alkyl-5-aryltetrazoles.
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Recently, selenosulfonates have garnered significant atten-

RSONa + ArSeSeAr RSO,SeAr tion in chemical synthesis. These compounds undergo seleno-
234 235 CHyCl, 236 . . . .
sulfonations with diazomethane, olefins, acetylenes, and
: . Ar of Diaryl % Yield of allenes through electrophilic and free radical reactions. Chen
Entry R of Sodium Sulfinate . .

y Diselenide  RSO,SeAr et al'® introduced an innovative one-pot methodology for
1 CHACH Ph 61 synthesizing selenosulfonates 236 using diaryl diselenides
p-uisera 235, sodium sulfinates 234, and PIFA (Scheme 88).

2 p-CH3C6H4 p-CH306H4 74
3 p-CHaCeta p-CiCeHs 75 3.12. Miscellaneous
4 Ph Ph 81 Bhattacherjee et al.’®® reported the first synthetic methodology
for regioselective formation of N-aryl-valerolactams 238a-1 via
5 Ph p-CH3CGH4 80 _ s B g
PIFA-catalyzed rearrangement of carbonitriles 237a-1. The reac
tion involves the rearrangement of the C-N bond, elimination
6 Ph p-ClCeHs 76 of the C-5H atom, and opening of the C1-C2 linkage.
7 p-CICqH, Ph 83 StructuraI. integrity of the lactam was further c.onflrmed
through single-crystal XRD measurements. PIFA actively par-
8 p-ClICgH,4 p-CH3CgHy4 81 ticipated in the reaction by employing an ionic pathway. The
reaction conditions exhibited tolerance to various functional-
9 p-ClCgH, p-CICgHj 68 ities, yielding lactams in good to exceptional yields.
Scheme 88 Preparation of selenosulfonates 236. Remarkably, electron-deficient cyclopentanones resulted in
outstanding product yields due to stabilized positive charge
(Scheme 89). Subsequently, the reaction was explored with
variably  substituted cyclopentanone  derivatives 239
(Scheme 90). This reaction scheme also provides a novel
O
d<CN
NH - PhI(OCOCFs), /O
| CH3COOH
b o 4h, 90°C
R
237a-l 238a-l
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/©/COOEt
N

CN
238c, 74% 238d, 74%

CN
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Scheme 89 Synthesis of N-aryl-valerolactams 238a-I via PIFA-catalyzed rearrangement of carbonitriles 237a-1.
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Scheme 90 Examination of the lactamization reaction with variably substituted substrates.
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Scheme 91 lodination of polystyrene (PS) 241.
(0]

=
H01>'// oxone, (CF4C0),0, Phl H?%OH
R

R2 Ho0, CH4CN, 90°C, 24h R R2

243 244
Entry R! R? 9% Yield Entry R' R? % Yield

1 Ph Me 76 10 Ph Ph 86
2 4-MePh Me 75 11 4-MePh 4-MePh 62
3 4-CIPh  Me 72 12 4-CIPh  4-CIPh 85
4 4-BrPh  Me 82 13 Ph Bn 81
5 4-IPh  Me 80 o //

6  4MeOPh Me 86 14 63

7  4NO,Ph Me 58

71
8 3MePh Me 73 15 Me Me

9  3BPh Me g1 16 Me Et 4

Scheme 92 Reaction scheme for converting ethynyl carbinols to a,a'-dihydroxy ketones in the presence of oxone/(CF3CO),0 system.
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pathway for obtaining biologically significant nitrile-functiona-
lized lactams.

Yudina et a investigated the room temperature PIFA-
mediated direct iodination of polystyrene 241 (PS)
(Scheme 91). The resulting poly(p-iodostyrene) 242 exhibited a
molecular weight distribution (MWD) quite similar to that of

l 169

_CHO PIFA

View Article Online
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the original PS. Varying the substrate to reagent ratio resulted
in the production of iodinated PS samples with a degree of
substitution ranging from 0.5 to 1.

The o,a’-dihydroxy ketone 243 moiety is a significant com-
ponent of many naturally occurring molecules such as beta-
methasone and pirarubicin. Thus, its synthetic protocol is of

R

245 Aqueous ammonia, r.t., 30 min R 246

Entry Substrate

Product % Yield

CHO
7 H

@
(@]
O

| ;

N CHO
HCO CHO
S
H4CO
12 HyC” " CHO

13 HBC/\/\/CHO

Scheme 93 Preparation of nitriles 246 from aldehydes 245.
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great interest.'”® Chen et al'’' utilized a PIFA/oxone/ 0
(CF;CO0),0 system to obtain a series of a,a’-dihydroxy ketones XxCOOH  piEa NaN S N

244 (Scheme 92). PIFA actively participated in the reaction by ©/\/ R I 3
employing an ionic pathway. This methodology is easy to 247 CHCl, rt. 249

handle and does not utilize stoichiometric ratios of PIFA. Scheme 95 Cinnamic acid converted into acyl azide using PIFA and

sodium azide.

[::j/”*b/COOH PIFA, NaN;
TEAB, CH,Cly, r.t.
247
Entry Substrate Product % Yield

xCOOH ~Ns
x_COOH ~Ns
HsC HsC

Xx_-COOH N3
Cl Cl
X _-COCH N3
O o~
O,N

X _-COOCH N3

5 ©/\/ ©/y N
OCHj

75

OCH;
~x_COOH N3
H,CO HaCO
H N
7 rgcooc/&§/coo Hyco0c” 3 70
HsC COOH HaC_ N3
8 YUY YT 70
CH, CHs
COOH
9 [::]/\\/ - NR
10 H;C_ ~._ COOCH - NR

X _COOH X _CON3
x_COOH x_CON;
02 /@/\/ @/\/ -
H,C H,C

Scheme 94 Carboxylic acid reaction with PIFA and NaNs.
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12h
250a Ar = p-NOzCGH4

DCE (0.4 molL™"), 80°C
CCl, (0.2 molL™"),130°C

Ar
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OCOCF; OCOCF;
CF OCOCF
3 + Ar 3
251a 252a
5% 51%
53% 9%

Scheme 96 Re-catalyzed decarboxylative oxytrifluoromethylation of styrene using PIFA.

Telvekar et al.'’?> presented a straightforward and mild

process to convert aldehydes 245 with various substitutions
into nitriles 246 at room temperature, utilizing aqueous
ammonia and PIFA. This system demonstrated rapid reaction
times, a simple setup, and yielded nitriles in average to good
yields. Both aliphatic and aromatic substrates showed success-
ful formation of nitriles using this methodology, with yields
ranging from good to outstanding (Scheme 93).
Telvekar et al."”® employed PIFA/TEAB in the presence of
synthesize vinyl azides 248 from
o,p-unsaturated carboxylic acids 247 with various substi-
tutions. This mild reaction exhibited broad substrate toler-
ance, consistently yielding excellent yields of vinyl azides.
Diverse a,f-unsaturated carboxylic acids 247 were successfully
transformed into vinyl azides 248, obtaining yields ranging
from 70-88% (Scheme 94).

sodium azide to

Shorter reaction times as well as the use of non-toxic sub-
strate are the associated advantages for this synthetic scheme.
Furthermore, it can also be used to obtain the acyl azides 249
(Scheme 95).

Wang et al.'’* employed PIFA to achieve the inaugural
oxytrifluoromethylation of styrenes 250a utilizing rhenium as
the catalyst (Scheme 96). Following optimization, they investi-
gated the reactivity of different alkenes 250b-q with PIFA as
their reaction counterpart (Scheme 97). Notably, when they
subjected a,f-unsaturated esters and amides 250r-A to the reac-
tion conditions, the primary product formed was the Heck-
type trifluoromethylation product 253a-j, while the concurrent
generation of the oxytrifluoromethylation product 251
occurred but in a relatively minor quantity (Scheme 98). PIFA
actively participated in the reaction by employing a free radical
pathway, particularly through hydrogen abstraction.

R Re5(CO)10 (5 mol%) <10COCFs
IS R? PIFA N CF,
Ar CCl, (0.2 molLY), 130°C, 12h )
250b- : B Bk R
q [or 1,4-dioxane (0.4 molL™"), 80°C, 12h]
251b-q
OCOCF, OCOCF; OCOCF; OCOCF,4 OCOCF,
@ @ @ % MO
251b, 69% 251c, 37% 251d, 55% 251e, 15% 251f, 50%
3
OCOCF3 DEBER, OCOCF, OCOCF, OCOCF,
NC OEt
OEt
251g, 579
51g, 57% 251h, 49% 251, 59% 2511, 76% 251k, 56% (dr = 3.5:1)
FsC FsC FsC FsC
OCOCF, Fs& ococrs  cn OCOCF, 3% OCOCF; OCOCF; ¥ OCOCF;
OE’( OEt OEt OE'[ OEt
OEt ’/ OEt ” OEt
CFs r
2511, 51% 251m, 47% 251n, 38% 2510, 54% 251p, 60% 251q, 50%

Scheme 97 Oxytrifluoromethylation of styrenes.
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| | | |
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253i, 44% (1:1) 253j, 66%

COOEt COOi-Pr
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; X" >COR

253', not observed

Scheme 98 Trifluoromethylation reaction of «,f-unsaturated esters as well as amides stereoselectively.

In order to synthesize 1,2-dicarbonyls 255 from variably
substituted alkynes 254, Tingoli et al.'”” investigated the usage
of in situ-produced iodonium and selenium species
(Scheme 99). PIFA enables the synthesis of 1,2-diketones 255,
utilizing diphenyl diselenides as well as elemental iodine,
from internal alkynes 254. Unfortunately, initial reactions with
iodine resulted in incomplete conversion. Diphenyl diselenide,
on the other hand, was more effective and resulted in the for-
mation of the desired product in excellent yields. Furthermore,
in order to synthesize quinoxaline derivatives, a second con-
densation procedure was utilized, thus validating the dicarbo-
nyls as vicinal.

Catir et al'’®

utilized a PIFA/H,0, system and singlet
oxygen acceptor molecules to generate singlet oxygen pro-
ducts.'”” PIFA was used to study the breakdown of hydrogen
peroxide 256. PIFA actively participated in the reaction by
employing a free radical pathway. The outcomes of the study
exhibited that hydrogen peroxide treatment on a PIFA mole-
cule results in generation of 'O, (Scheme 100a). Furthermore,
the production of 'O, was confirmed by chemiluminescence
detection at 1270 nm as well as trapping experiments. There is
strong evidence to support the idea that the hydroperoxyl
radical, formed when hydrogen peroxide and PIFA combine,
decomposes into singlet molecular oxygen through a tetraoxi-
dane intermediate. The decomposition of the experiment has
been also reported with optically pure (1S)-1-phenylethyl
hydroperoxide 261 instead of hydrogen peroxide 256
(Scheme 100b).
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Kita et al.'”® conducted innovative and direct nucleophilic

reactions using PIFA for sulfenylation (Schemes 101 and 102)
and thiocyanation (Scheme 103) of phenol ethers and related
compounds 267. This study successfully synthesized numerous
unsymmetrical diaryl sulfides 268 and aryl thiocyanates 273 in
high yields, which can serve as synthons for sulfur aromatics.
Unlike other solvents such as CH;CN and CH,Cl,, which pro-
duced only minimal sulfenylation products, (CF;3),~CHOH, a
polar, protic, and weakly nucleophilic solvent, facilitated the
reaction effectively. Additionally, variably substituted thiophe-
nols were employed as sulfur nucleophiles. Under similar con-
ditions, arylthiol molecules 269 and 270 were obtained by
treating 267b with thiophenols, achieving excellent yields.
However, substrates with electron-releasing substituents like
OMe/Me resulted in reduced yields of the sulfenylated pro-
ducts 271 and 272. PIFA actively participated in the reaction by
employing a free radical pathway, particularly through single-
electron oxidation, contributing to the process through this
mechanism. Moreover, this methodology proved useful for the
synthesis of diverse sulfur-containing aromatic molecules.

Wu et al."”® have introduced a novel metal-free approach
for the synthesis of olefins 275 through microwave-assisted
direct decarboxylative elimination of arylacetic acids 274, as
illustrated in Scheme 104. This method, employing commer-
cially available PIFA, demonstrates a high level of efficiency in
generating a variety of aryl/diphenylvinyl compounds 275 with
yields ranging from moderate to good. PIFA actively engaged
in the reaction by following a radical pathway, specifically

This journal is © The Royal Society of Chemistry 2024
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Scheme 99 Synthetic scheme for 1,2-diketones from alkynes in presence of (A) PhI(OCOCF3), or (B) PhSeSePh.

through hydrogen abstraction. It is noteworthy that this de-
carboxylation process exclusively produces E-olefins, which
could potentially be the thermodynamically favored products.
Preliminary mechanistic inquiries suggest the involvement of
a radical process in the decarboxylative elimination reaction.
Kitamura et al.'® have introduced an efficient and practical
method for synthesizing 2,2-difluoroethylarenes 277 through
the use of a hypervalent iodine-mediated fluorination reaction

This journal is © The Royal Society of Chemistry 2024

involving various styrene derivatives 276. They conducted a sys-
tematic exploration of different styrene derivatives 276 to inves-
tigate the scope of substrates, as outlined in Scheme 105.
Chatterjee et al.'®" have introduced an effective, metal-free,
and base-free approach for the precise synthesis of primary
amines 279 derived from boronic acids 278, encompassing
various types such as aryl, heteroaryl, and alkyl. This reaction
takes place at room temperature and relies on the combined
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Scheme 101 Synthesis of direct sulfenylation compound 267.
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OMe OMe
OO RSH, PIFA SR
—_— >
(CF3),CHOH
OMe OMe
267b 268-272
Substrate R Product % Yield
267b 4-nitrophenyl 269 87
2,3,5,6-tetrafluorophenyl 270 72
phenyl 268b 62
4-methoxyphenyl 271 37
4-methylphenyl 272 40

Scheme 102 Sulfenylation of 267b by various thiophenols.
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action of PIFA and NBS, employing cyanamidyl/arylcyanamidyl
radicals as pivotal intermediates for the amination process.
PIFA actively engaged in the reaction by following a radical
pathway. It is noteworthy that these reactions are remarkably
fast, typically completing within just one hour. Furthermore,
to gain a deeper insight into the underlying reaction mecha-
nism, the researchers conducted computational studies using
DFT. These quantum chemical calculations, combined with
experimental observations, validate that the ipso amination of
substituted boronic acids 278 involves the generation of cyana-
midyl/arylcyanamidyl radicals, followed by their regiospecific
interaction with the boron atom of the boronic acids. This
specific interaction leads to the selective formation of primary
amines 279, as exemplified in Schemes 106 and 107.

Gondo et al."® have introduced a method for desilylative
acetoxylation of (trimethylsilyl)-arenes 282, effectively convert-

OR1 OR1
PIFA, TMSNCS SCN
(CF3),CHOH
R2 R2
267 273
Substrates Products %
Yields
267a: R' = Me, R2 = Pr 71
OR! 267c: R' = Et, R? = 'Pr OR' 94
267d: R' = Pr, R2 = 'Pr SCN 91
267e: R' = Me, R? = Bu 273 59
267i: R' = Me, R? = OMe gg
R2 267j: R' = Et, R? = OFEt R2 55
2671: R' = Me, R = Me
OMe OMe
MeO\©/OMe - Meo\©iovv|e a3 73
SCN
OMe
OMe OR
OR 267k: R = OMe 273k 95
267m: R = Me 273m 62
SCN
OMe OMe
SCN
OO 267b OO 273b 96
OMe OMe
OR
OR
267g: R = Me 2739 78
OO 267h: R = Et 273h 57

Scheme 103 Thiocyanation of phenol ethers and alkoxynaphthalenes.
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Scheme 104 Substrate scope of aryl/diphenylacetic acids 274.
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Scheme 105 Synthesis of 2,2-difluoroethylarenes 277.
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Scheme 106 PIFA-NBS—NH,CN mediated ipso-amination of different boronic acids 278.

NH, H
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R' = 3-Me: 278a and R? = H: 280b
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279a (not 281ab)
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279j (not 281je)
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Scheme 107 Reaction with arylcyanamides 280 and arylboronic acids 278 mediated by PIFA-NBS.

ing them into acetoxyarenes 283 (Scheme 108). The direct acet-
oxylation is achieved by employing 5 mol% of Pd(OAc), and
1.5 equiv. of PIFA in AcOH at 80 °C for 17 hours, resulting in
the formation of acetoxyarenes 283 in good to high yields
(ranging from 67% to 98%). The practicality of this approach
is demonstrated through a one-pot transformation of (tri-
methylsilyl)arenes 282 into phenols 284 by carrying out succes-
sive acetoxylation and hydrolysis (Scheme 109a). Furthermore,
the desilylative acyloxylation of 2-(trimethylsilyl)-naphthalene
282 is achieved using various carboxylic acids (Scheme 109b).
The utilization of “non-activated” (trimethylsilyl)arenes for

This journal is © The Royal Society of Chemistry 2024

acetoxylation or acyloxylation offers an efficient and practical
means of synthesizing phenol derivatives.

Pan et al'® have developed a mechanochemical and
solvent/catalyst-free method for functionalizing olefins 286
using PIFA reagents, facilitating the synthesis of 1,3-dioxyge-
nated compounds 287 (Scheme 110) and 1,4-iodoalcohols 289
(Scheme 111). The process, challenging with conventional
methods, involves an intermolecular cascade triggered by the
active monomeric form of PIFA through an ionic pathway, as
revealed by mechanistic studies. The synthetic efficiency of the
described method is exemplified by the facile two-step syn-
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Scheme 108 Desilylative acetoxylation of (trimethylsilyl)-arenes 282.

a
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Scheme 109 a) One-pot transformation of (trimethylsilyl)arenes 282 into phenols 284. (b) Desilylative acyloxylation of 2-(trimethylsilyl)-naphtha-
lene 282 using various carboxylic acids.

thesis of the natural product ()-calyxolane A (290a)'®*'®> from step syntheses,'®® yielding 290a in just two steps with a 30%
styrene (286a). Additionally, the calyxolane A analogue 290b overall yield.

(85%) was obtained from 3-nitrostyrene (286b), showcasing the Berthelot et al.'®” have detailed the synthesis and character-
advantages of the ball-milling protocol over traditional multi- ization of zinc(u) meso-pyridin-2-ylthio-porphyrins 296-298
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OH OH 0 OH
PIFA MnO
s > 2
R ball-milling protocol R R 24 h RM\/R
286a-n 287a-n 288a-n
Entry Substrate, R 287, yield 288, yield
1. 286a, Ph 287a, 64% 288a, 68%
2. 286b, 2-Me-CgH4 287b, 65% 288b, 49%
3. 286¢c, 3-Me-CgH, 287c, 72% 288c, 63%
4. 286d, 4-Me-CgH, 287d, 60% 288d, 60%
5. 286e, 4-tBu-CgH, 287e, 63% 288e, 54%
6. 286f, 4-CICH,-CgH4 287f, 35% 288f, 59%
7. 2869, 4-MeO-CgH, 2879, 58% 2889, 70%
8. 286h, 4-tBuO-CgH, 287h, 37% 288h, 62%
9. 286i, 4-TBSO-CgH, 287i, 64% 288i, 68%
10. 286j, 4-AcO-CgH, 287j, 51% 288j, 60%
11. 286k, 3-F-CgH,4 287k, 60% 288k, 73%
12. 2861, 3-CI-CgH4 2871, 73% 238, 60%
13. 286m, 3-Br-CgH,4 287m, 48% 288m, 66%
14. 286n, 4-Br-CgH, 287n, 46% 288n, 42%
Scheme 110 Synthesis of 1,3-dioxygenated compounds.
I
1. PIFA, I, silica gel, OH
. ©/\ ball milling protocol
2. NH3, MeOH R @—R
286 289
synthesis of Calyxolane A
I OH 1 and its analogue :
‘ (0] '
e e
i Ph :
289a, 38% : 80% !
E (¢)-calyxolane A (290a)
[ l :
OH : '
' (0] .
NO, EtsN e @//\—)Q :
289b, 58% : !
: ON  290b,85% ) |
| 289c, R = 4-F (46%)
OH 289d, R = 4-CH,CI (48%)

289e, R = 4-Br (42%)

R @R

289c-i

289f, R = 4-Cl (36%)
289g, R = 4-AcO (43%)
289h, R = 3-Br (40%)

289i, R = 4-NO; (40%)

Scheme 111 Synthesis of 1,4-iodoalcohols 289 and (+)-calyxolane A.

(Scheme 112). The electrochemical oxidation of zinc(u) por-
phyrins, specifically [5-(pyridin-2-ylthio)-10,20-bis(p-tolyl)-15-
phenylporphyrinato] zinc(u) Zn-296 or [5,15-bis(pyridin-2-
ylthio)-10,20 bis(p-tolyl)porphyrinato] zinc(i1) Zn-298, results in
the intriguing formation of one or two C-N bonds

This journal is © The Royal Society of Chemistry 2024

(Scheme 113). This transformation occurs through an intra-
molecular nucleophilic attack of the peripheral thiopyridinyl
fragments on the adjacent p-pyrrolic positions, leading to a C-
N fusion reaction. Moreover, the oxidation of [5-(pyridin-2-
ylthio)-10,20-bis(p-tolyl)-porphyrinato] zinc(u) Zn-297, which
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Tol Tol
NBS, CHCl3,
i ridine, 0 °C > idi
R R py! R Br 2-mercaptopyridine
082003, DMF,
100 °C
Tol Tol
- "l Me . e Zn(OAc),.2H0, 296 (R= Ph M=H,H)
291 (R=Ph, R'=H, M=H H) 293 (R=Ph, M=H,H) CHCl3/MeOH, 60 °C—zp. 296 (R=Ph, M=Zn)
292 (R=E=H, MeEH) Zn(OAc);.2H;0, 294 (R=H, M=H,H) Zn(OAc);.2H;0, 297 (R=H, M=H H)

Zn-292 (R=R'=H, M=Zn)~— CHCl;/MeOH, 60 °C

295 (R=Br, M=H,H)

Zn-295 (R=R'=H, M=Zn)
TFA, DCML_ 505 (R=Br. M=H H)

CHCI3/MeOH, 60 °C Zn-298 (R=H, M=Zn)

Zn(OAc),.2H,0, [:»298 (R=pyridin-2-ylthio, M=H,H)
CHCI3/MeOH 60 °C Zn-298 (R=pyridin-2-ylthio, M=Zn)

Scheme 112 Synthesis of porphyrins Zn-296, Zn-297, and Zn-298.

Tol
Chemical or
Electrochemical
Oxidation
R S -2e, +H"
VA
Tol

Ph (Zn-296", A")
Pyridin-2-ylthio (Zn-298", A")

Scheme 113 Intramolecular C—N oxidative coupling.

Tol Tol
Chemical or TN
Electrochemical N\ 7\
R o e :
D) )
Tol Tol

i-7Nn-2982* 2A-
Ph (Zn-296) anti-Zn-2984%, 2A

Pyridin-2-ylthio (Zn-298)

Tol Tol Tol
Chemical Oxidation - N
PIFA, \_
K,CO3, CHCI
H s 2003 3 = s s
7
NN NG
Tol Tol Tol

Zn-297

e

(Zn-297),*, 2A°

Scheme 114 Oxidative behaviour of Zn-297.
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possesses a vacant meso position, predominantly yields the
meso,meso-dimer (Zn-297),. Sequential electrochemical oxi-
dation steps then result in the selective formation of both
mono and bis C-N fused meso,meso-dimer products
(Scheme 114). The planarization of the molecules and the
generation of positive charges during the C-N fusion reaction
lead to significant electronic alterations. These changes mani-
fest in observable shifts in the UV-vis absorption spectra,
including a bathochromic shift of the Soret and Q bands, as
well as the splitting of the Soret bands. Additionally, the cyclic
voltammograms demonstrate modifications such as the
reduction of the pyridinium moiety-(ies) occurring between
—0.5and -1.0 V.

4. Conclusion

Iodine, characterized as the most polarizable, least electrone-
gative, and largest halogen, exhibits unique reactivity. Iodine
manifests itself in various oxidation states, forming hypercoor-
dinate compounds such as I(um), I(v), and I(vi). Over time,
hypercoordinate iodine compounds have gained significance
as reagents in synthesis due to their low toxicity, cost-effective-
ness, environmental friendliness, and transition metal-like
reactivity under mild conditions. Hypervalent iodine reagents,
recognized for their low toxicity, accessibility, ease of handling,
efficiency, stability to air and moisture, and safe substitution
for toxic heavy metal reagents like lead(wv), thallium(m), and
mercury(u), have been widely embraced as green oxidants in
organic synthesis. Among them, [bis(trifluoroacetoxy)iodo]
arenes (PIFA) stand as pivotal compounds extensively
employed as chemoselective oxidants in contemporary organic
synthesis. The pronounced electron-withdrawing nature of the
fluorine atom renders PIFA more reactive than its counterpart,
phenyliodine diacetate (PIDA). PIFA is known to facilitate reac-
tions that may not proceed efficiently with PIDA. Moreover,
PIFA is recognized as a potent and attractive catalyst for
numerous crucial chemical processes, encompassing amin-
ation, sulfenylation, oxidative coupling, amidation, carboxyla-
tion, ring-rearrangement, cascade reactions, alkylarylation,
and more. It also finds application in simple oxidation of
nitrogen compounds, phenolic oxidation, oxidation of alkynes,
ketones, sulfur compounds, and oxidative biaryl coupling,
among other processes.

The utilization of PIFA reagents in chemical synthesis is
continuously evolving. This review comprehensively summar-
izes synthetic methodologies and various PIFA-catalyzed oxi-
dative reactions for the production and functionalization of
heterocyclic compounds, providing illustrative examples. The
diverse applications of PIFA in organic synthesis, including
amidation, amination, C-H functionalization, coupling, cycli-
zation, oxidative and Hoffmann reactions, as well as in carbo-
hydrate chemistry, one-pot reactions, and more, are systemati-
cally presented. We anticipate that researchers in synthetic
organic chemistry and related fields will find this compilation
to be a valuable addition.

This journal is © The Royal Society of Chemistry 2024
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Abbreviations
PIFA (Bis(trifluoroacetoxy)iodo)benzene
PIDA (Diacetoxyiodo)benzene
Kg Kilogram
DMF Dimethylformamide
DMAc Dimethylacetamide
HOBt Hydroxybenzotriazole
EDC-HCl (3-Dimethylamino-propyl)-ethyl-
carbodiimide-hydrochloride
TFA 2,2,2-Trifluoroacetic acid
NHPI N-Hydroxyphthalimide
4CzIPN  1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene
KOH Potassium hydroxide
NLO Non-linear optical
mv Millivolt
IR Infra-red
NMR Nuclear magnetic resonance
MS Mass spectrum
m.p. Melting point
HFIP Hexafluoroisopropanol
DCE Dichloroethane
TFE Tetrafluoroethylene
IBX 2-lodoxybenzoic acid
THF Tetrahydrofuran
SAR Structure-activity relationship
ICso Half maximal inhibitory concentration
M Micromolar
EtOH Ethanol
HOCI Hypochlorous acid
CH,Cl, Dichloromethane
NBS n-Bromo succinimide
PS Polystyrene
DIBAL Diisobutylaluminium hydride
TfOH Triflic acid
NaOH Sodium hydroxide
DBAD Di-tert-butyl azodicarboxylate
TFE Tetrafluoroethylene
XRD X-ray diffraction
MWD Molecular weight distributions
TEAB Tetraethylammonium bromide
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