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Abstract
We report the detailed background for the discovery and development of the synthesis of homopropargylic azides by the azido-
alkynylation of alkenes. Initially, a strategy involving SOMOphilic alkynes was adopted, but only resulted in a 29% yield of the
desired product. By switching to a radical-polar crossover approach and after optimization, a high yield (72%) of the homoprop-
argylic azide was reached. Full insights are given about the factors that were essential for the success of the optimization process.
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Introduction
Homopropargylic azides are important building blocks bearing
two of the most versatile functional groups, allowing a rich
panel of functionalization. They have been used as intermedi-
ates in numerous syntheses to access bioactive compounds [1-4]
or materials [5-7]. In addition, azide reduction affords homo-
propargylic amines, which can be found in bioactive molecules
and have been tested in structure–activity relationship studies
(Scheme 1A) [8-10]. Moreover, transformations have been de-
veloped to exploit the two functional groups simultaneously, for
example through their intramolecular cyclization to form
pyrroles in the presence of transition metal catalysts [11-14].

Currently, this motif is synthesized by sequential introduction
of the two functional groups [11-13]. Addition of a lithium

acetylide to an epoxide affords the corresponding homoprop-
argylic alcohol which can then undergo a sequence of mesyla-
tion and substitution with azide ions to produce the desired
homopropargylic azide. However, this approach gives only
access to products bearing the alkyne at the least substituted po-
sition. To the best of our knowledge, no general strategy has
been employed to access the other regioisomer possessing a ter-
minal azide, despite its implication in the synthesis of complex
molecules [3,6]. Therefore, the development of a straightfor-
ward reaction to synthesize homopropargylic azides would be
of general interest.

The azido-alkynylation of alkenes would allow to generate the
desired motif in a single step, greatly increasing the molecular
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Scheme 1: Overview of homopropargylic azides importance and strategies for azido-alkynylation.

complexity of the starting substrate. Using radical chemistry
would lead to a regioselective addition of azide radicals to the
alkene, forming selectively the most stabilized C-centered
radical. A prominent method for the generation of azide radi-
cals relies on hypervalent iodine reagents [15,16]. Azidobenz-
iodoxolone, also known as Zhdankin reagent, has often been
used under thermal or photochemical conditions to generate the
desired azide radical in a controlled fashion. However, recent
safety issues arising from the shock and impact sensitivity of
the compound led to the development of the azidobenzioda-
zolone scaffold [17]. This class of derivative showed an im-
proved safety profile while retaining the redox properties of the
original reagent.

A single example of azido-alkynylation has been reported by
Ramasastry and co-workers during a mechanistic study for an
azido-hydration reaction [18]. The homopropargylic azide was
obtained in only 28% yield using phenyl vinyl ketone. Based on
reported aza-alkynylation reactions [19-23] and modern azida-
tion methods using radical chemistry [17,24-26] three ap-
proaches could be envisaged. All of them would initially
involve the addition of azide radicals to an alkene, generating a

carbon-centered radical. Then, different trapping of this inter-
mediate could be performed (Scheme 1B).

First, C-centered radicals are known to recombine with metal-
acetylides, in particular copper [27]. Reductive elimination of
the organometallic intermediate would lead to the desired prod-
uct (Scheme 1B, reaction 1). Unfortunately, this approach will
not be compatible in the case of azidation since the copper,
azides and alkynes present in the mixture are expected to
undergo alkyne–azide cycloaddition reactions [28]. Moreover,
different azide sources are known to efficiently promote the
diazidation of alkenes in the presence of a copper catalyst, often
proceeding via a radical mechanism [24,29-31].

A second approach would involve SOMOphilic alkynes to trap
the radical by a purely open-shell mechanism (Scheme 1B,
reaction 2). Two classes of reagents are commonly used:
ethynylbenziodoxolones (EBXs) [32,33] and alkynylsulfones
[34]. A potential limitation of this method lies in the substitu-
tion of the transferred alkyne. The efficiency of the radical addi-
tion to those reagents is known to be highly dependent on the
alkyne substituent. Arylalkynes are expected to perform well
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Table 1: Optimization of the azido-alkynylation using Ph-EBX.

Entry Solvent Additive Equiv variation Yield 4a (%)a

1 CH3CN – – (17)
2b CH3CN – – <5
3 DCE – – 19
4c DCE – – 10
5 DCE AcOBX 18
6 DCE (TMS)3SiH – –
7 DCE (iPr)2O – 16
8 DCE ʟ-ascorbic acid – 16
9 DCE Hantzsch ester – –
10 CH3CN HCOONa – 8
11 DCE DABCO, TBAI additive (1.1 equiv) –
12 DCE AcOH, TFA, TFE – 20
13 DCE HFIP – 24
14 DCE HFIP styrene (2 equiv) 24
15 DCE HFIP Ts-ABZ (1.5 equiv) 29

aNMR yield determined using CH2Br2 as internal standard, yield in parenthesis correspond to the isolated yield. bReaction was heated to 80 °C with-
out light irradiation. cReaction carried out using blue light (440 nm).

but in multiple cases alkyl substituents were reported to afford
low yields or no reaction [35-38].

Finally, a radical-polar crossover (RPC) approach could be
envisaged [39,40]. Instead of attempting to trap the C-centered
radical, further oxidation would generate the corresponding
carbocation, which upon reaction with a nucleophilic alkyne
would form the product (Scheme 1B, reaction 3). Based on
precedence in the literature, this method should allow to transfer
efficiently both aryl- and alkyl-substituted alkynes [41-44]. On
the other hand, the nature of the alkene might be limited as it
would strongly influence the oxidation potential of the carbon
radical and the stability of the resulting carbocation. Recently,
we reported the first successful application of an RPC strategy
for the azido-alkynylation of styrenes [45].

Herein, we describe our initial effort towards developing an
azido-alkynylation of alkenes using the SOMOphilic alkyne ap-
proach instead. Then, the optimization of the RPC strategy will
be discussed in detail, giving insights into the different steps of
the optimization, which were available only as raw data in our
previous work [45].

Results and Discussion
SOMOphilic alkynes
We started to investigate the azido-alkynylation of styrene (1a)
using EBX reagent 2 as SOMOphilic alkyne (Table 1). Tosyl-
azidobenziodazolone (Ts-ABZ, 3), previously developed by our
group [17], was selected as an azide source. Upon light irradia-
tion, it can release an azide radical by homolysis of the I−N3
bond [46]. We were pleased to see that irradiation of a mixture
of styrene (1a), Ph-EBX (2) and Ts-ABZ (3) afforded 17% iso-
lated yield of the desired homopropargylic azide 4a (Table 1,
entry 1). Heating the reaction to 80 °C instead of using light to
form the radical only afforded traces of the product (Table 1,
entry 2). Changing the solvent to DCE slightly increased the
yield (Table 1, entry 3). Blue light with an emission spectrum
centered around 467 nm was initially selected since Ph-EBX is
known to absorb light of lower wavelength, which is expected
to cause degradation [47]. Indeed, when the reaction was
carried out using 440 nm blue light a lower yield of 10% was
obtained and full conversion of the EBX reagent was observed
(Table 1, entry 4). Next, we wanted to test different additives in
the transformation in an attempt to increase the yield. Addition
of acetoxybenziodoxolone (AcOBX) has previously been re-
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ported to help initiating the degradation of Ts-ABZ (3) to the
azidyl radical [46]. In our case, no difference in yield was ob-
served (Table 1, entry 5). Currently, the reaction is expected to
generate a large quantity of iodanyl radical from Ts-ABZ (3)
homolysis and from the addition–elimination on Ph-EBX (2).
Since no quencher is present in the mixture, we wondered if the
accumulation of those radicals could be responsible for the low
yields obtained. Addition of (TMS)3SiH, a H• donor,
suppressed the reaction by reducing Ph­EBX (2) (Table 1, entry
6). Using diisopropyl ether as a milder donor had no effect on
the reaction (Table 1, entry 7). Next, we tested reducing agents
expected to react with the iodanyl radical. The addition of
ʟ-ascorbic acid led to no improvement of yield and Hantzsch
ester suppressed the formation of the desired product (Table 1,
entries 8 and 9). Carrying out the reaction in the presence of so-
dium formate, which can play a dual role of H• donor and
reductant [48,49], only led to a decreased of Ph-EBX (2)
conversion, along with a diminished yield (Table 1, entry 10).
The addition of DABCO [18] or TBAI [50], two additives
known to activate azidobenziodoxolone (ABX), afforded com-
plex mixtures with no trace of 4a (Table 1, entry 11). Acids or
fluorinated alcohols were tested to activate the different hyper-
valent iodine reagents. While AcOH, TFA and TFE had no
impact on the reaction (Table 1, entry 12), the presence of
1.5 equivalents of HFIP slightly improved the yield (Table 1,
entry 13). Increasing the amount of styrene in the reaction had
no impact (Table 1, entry 14), highlighting that the issue might
come from an inefficient trapping of the C-centered radical by
Ph-EBX (2) and not from a sluggish addition of azide radicals
to the double bond. We attempted to solve this issue by using
Ts-ABZ (3) in excess, which should increase the overall quanti-
ty of carbon radicals formed, doing so slightly improved the
yield of 4a to 29% with no styrene remaining (Table 1, entry
15).

Styrene was initially selected as model substrate since the addi-
tion of azide radicals generated by ABX was well reported
[24,29]. We wanted to explore different classes of alkenes as
the double bond substitution would greatly impact both the
azide radical addition and the reactivity of the C-centered
radical with Ph-EBX (2). Aliphatic alkenes, enamides, enol
ethers and acrylates were tested in the reaction but did not lead
to formation of the desired products (Scheme S1, Supporting
Information File 1). In almost all cases >70% of the EBX
reagent was left after 16 hours of reaction.

Radical-polar crossover
Due to the disappointing results obtained with EBX reagents as
SOMOphilic alkynes, we turned our attention to the develop-
ment of a radical-polar crossover approach using photoredox
catalysis. The final results obtained were described in our

previous publication [45], but only the raw data for optimiza-
tion was given in the form of tables in the Supporting Informa-
tion. We now provide full insights into the different steps of the
optimization process, highlighting the decisions taken and the
unexpected results obtained.

Ts-ABZ (3) was kept as the azide radical source since it is
known to be reduced by photocatalysts such as Cu(dap)2Cl [17].
This perfectly fits a catalytic cycle involving the reduction of
Ts-ABZ (3) followed by oxidation of the carbon radical to form
a carbocation and regenerate the ground state catalyst. Styrene
(1a) was used as model substrate since the formation of a stabi-
lized carbocation might be required for the reaction to occur.
Xu [41] and Molander [42] previously reported the quenching
of similar cationic species by alkynyl-BF3K salts. Boronate 5a
was therefore selected as nucleophilic alkyne. Gratifyingly,
using Cu(dap)2Cl in DCE under blue light irradiation afforded
4a in 17% NMR yield (Table 2, entry 1). The major byproduct
formed during the transformation was identified as diazide 6.
When a copper photocatalyst is involved, a lot of diazidation
can be observed. We assumed it could be caused by the reac-
tion of Ts-ABZ (3) with a non-complexed copper catalyst
formed during the transformation [24,51]. When iridium-based
photocatalysts were tested, no product formation or only traces
were  observed (Table  2 ,  en t r ies  2  and 3) .  Using
Ru(bpy)3Cl2·6H2O afforded 17% of 4a, a similar yield as with
Cu(dap)2Cl with a reduced formation of 6 (Table 2, entry 4). In
contrast, Ru(bpz)3(PF6)2 did not form the desired product prob-
ably due to its too high reduction potential compared to Ts-ABZ
(3) (value reported for ABX: E1/2(ABX) = −0.43 V vs SCE)
[52] (Table 2, entry 5). In general, organic dyes could not cata-
lyze the transformation except for 4ClDPAIPN which afforded
10% of yield of 4a (Table 2, entries 6–10).

No correlation between the different redox potentials of the
photocatalysts and the yield of the reaction could be established.
Ru(bpy)3Cl2·6H2O was selected as the optimal catalyst since it
afforded the highest yield and minimized diazide formation.

Next, a solvent screening was performed as it can vastly influ-
ence reaction proceeding via a carbocation intermediate.
Alkynyltrifluoroborates have a low solubility in chlorinated sol-
vents but are well soluble in acetonitrile. Although this solvent
has been used in similar transformation before [41,42,44], in
our case only 9% of the desired product was obtained (Table 3,
entry 2). A large quantity of product resulting from a Ritter-type
reaction between acetonitrile and the carbocation intermediate
could be observed by NMR [55]. Other highly polar solvents
such as DMF and DMSO did not afford the homopropargylic
azide (Table 3, entry 3). While alkynyl-BF3K salts are usually
well soluble in acetone, carrying the reaction in this solvent
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Table 2: Photocatalyst screening.a

Entry Photocatalyst E1/2 [PC•+/PC*]
(V vs SCE)

Yield 4a (%)b Yield 6 (%)b

1 Cu(dap)2Cl −1.43c 17 14
2 Ir(ppy)3 −1.88c – 7
3 [Ir(ppy)2(dtbbpy)]PF6 −0.96c <5 7
4 Ru(bpy)3Cl2·6H2O −0.81c 17 6
5 Ru(bpz)3(PF6)2 −0.26c – <5
6 4t-BuCzIPN −1.31c – <5
7 4DPAIPN −1.52d – 6
8 4ClDPAIPN −1.30d 10 8
9 DPZ −1.17c <5 6
10 rose bengal −0.68c – <5

aThe data were already published in the supporting information of ref. [45] except for the yield of 6. bNMR yield determined using CH2Br2 as internal
standard. cValue taken from reference [53]. dValue taken from reference [54].

Table 3: Solvent screening.a

Entry Solvent Yield 4a (%)b

1 DCE 17
2 CH3CN 9
3 DMF, DMSO –
4 acetone <5
5 EtOAc, dioxane, THF 8–15
6 DME 36
7 DME/HFIP (9:1) 39

aThe data were already published in the supporting information of ref.
[45]. bNMR yield determined using CH2Br2 as internal standard.

only afforded traces of the product (Table 3, entry 4). Ethyl
acetate or ether solvents such as dioxane and THF led to simi-
lar or slightly reduced yields (Table 3, entry 5). We were
pleased to see that running the reaction in DME afforded 36%
of 4a (Table 3, entry 6). A mixture of DME with HFIP, known

to stabilize carbocationic intermediates [56], slightly increased
the yield (Table 3, entry 7).

DME was selected for further optimization as the increased
yield with the addition of HFIP was not significant enough to
compensate the downside of having an expensive co-solvent.
Next, the stoichiometry of the different reaction components
was examined. When styrene (1a) was used as limiting reagent
instead of Ts-ABZ (3), a slightly higher yield was observed
(Table 4, entries 1 and 2). Increasing the excess of Ts-ABZ (3)
from 1.25 to 1.5 equivalents had no impact on the reaction
(Table 4, entry 3). Reducing the equivalents of 5a to 1.25 only
slightly diminished the yield while using 3 equivalents in-
creased it to 44% (Table 4, entries 4 and 5). Surprisingly, 5a
could be used as limiting reagent without impacting the reac-
tion (Table 4, entry 6). Carrying out the azido-alkynylation at
low or high photocatalyst loading had no impact (Table 4, entry
7).

Considering the robustness of the reaction to fluctuation in stoi-
chiometry, conditions using styrene (1a) as limiting reagent,
slight excess of Ts-ABZ (3) and 2 equivalents of 5a were
selected, while keeping in mind that further fine-tuning can be
done (Table 4, entry 2). They offered the best compromise of
yield, waste of materials and reproducibility at this scale. So far,
the reactions were carried out for 16 hours as it is typical for
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Table 5: Reaction time, light source and concentration screening.a

Entry Time (h) Light source c (M) Yield 4a (%)b

1 16 blue LEDs 467 nm (40 W) 0.05 42
2 1.5 blue LEDs 467 nm (40 W) 0.05 42
3 1 blue LEDs 467 nm (40 W) 0.05 39
4 0.17 blue LEDs 467 nm (40 W) 0.05 21
5 1.5 Kessil 467 nm (44 W) 0.05 42
6 1.5 Kessil 467 nm (22 W) 0.05 42
7 1.5 Kessil 440 nm (45 W) 0.05 41
8 1.5 green LEDs 525 nm (40 W) 0.05 35
9 4 CFL (8 W) 0.05 38
10 1.5 blue LEDs 467 nm (40 W) 0.025 36
11 1.5 blue LEDs 467 nm (40 W) 0.1-0.2 41

aBlue/green LEDs refers to LED strips attached to a crystallization flask. The data were already published in the supporting information of ref. [45].
bNMR yield determined using CH2Br2 as internal standard.

Table 4: Equivalent screening.a

Entry Ts-ABZ/1a/5a (equiv) Yield 4a (%)b

1 1/1.5/2 36
2 1.25/1/2 42
3 1.5/1/2 41
4 1.25/1/1.25 39
5 1.25/1/3 44
6 1.5/1.5/1 43
7c 1.25/1/2 39–40

aThe data were already published in the supporting information of ref.
[45]. bNMR yield determined using CH2Br2 as internal standard. c1 or
5 mol % of photocatalyst were used.

photocatalyzed reaction to be slow. We realized that full
conversion of the alkene was reached very rapidly. In fact, the
reaction could be carried out for 1.5 h with no difference in
yield (Table 5, entries 1 and 2). It is only below this reaction
time that a difference was observed, 21% of product was still
formed after 10 min of reaction (Table 5, entries 3 and 4).

We then turned our attention to the light source used to irra-
diate the reaction. Initially, a homemade set-up using blue LED
strips was used. When it was replaced by a commercially avail-
able Kessil lamp of the same wavelength and intensity we ob-
served a similar yield (Table 5, entry 5). Reducing the strength
of the irradiation from 44 to 22 W had no impact, similarly
using a more energetic wavelength afforded the same yield
(Table 5, entries 6 and 7). When lower energy light source such
as green LEDs or a compact fluorescent lamp (CFL) were used
only a small decrease in yield could be observed, although
4 hours of irradiation were needed to reach full conversion
using CFL (Table 5, entries 8 and 9). The concentration, a
factor expected to play an important role in a three-component
reaction, had surprisingly little influence on the transformation.
At lower concentration only a slight decrease of yield was ob-
served, whereas higher concentration led to a similar yield
(Table 5, entries 10 and 11).

The source of nucleophilic alkyne was evaluated, changing the
counter ion from potassium to tetrabutylammonium (7) reduced
the yield to 14% (Scheme 2A). When TMS-alkyne 8 was used,
no product formation occurred. In this case, we observed that
the initial reaction mixture before light irradiation was color-
less. This was surprising, as in all the previous experiments a
yellow/orange mixture was obtained due to the presence of the
photocata lys t .  Fur ther  inves t iga t ion revealed  that
Ru(bpy)3Cl2·6H2O is not soluble in DME (Scheme 2B). In
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Scheme 2: Screening of nucleophilic alkynes and investigation of the photocatalyst solubility. n.o = not observed, PC = photocatalyst. aThe data were
already published in the supporting information of ref. [45].

contrast, when it is in the presence of alkynyl-BF3K it readily
dissolves. The addition of a couple of water drops to a suspen-
sion of photocatalyst in DME also allowed solubilization. The
solubilization due to residual water coming from the alkynyl-
BF3K was ruled out by careful drying of 5a. We postulated that
an ion exchange between Ru(bpy)3Cl2 and 5a can occur to
afford a more soluble photocatalyst with the general formula 9
(Scheme 2C). Interestingly, when the solubilization experiment
was carried out with the tetrabutylammonium salt 7 only mod-
erate solubilization occurred (Scheme 2B), which could explain
the lower yield previously observed (Scheme 2A). Neutral
TMS-alkyne 8 cannot be involved in ion exchange and
therefore this could be one of the reasons why no reaction
occurred.

Next, we turned our attention to the temperature of the reaction,
a factor rarely explored in photocatalyzed reaction due to the
lack of available set-ups allowing an efficient light irradiation in
addition to a proper temperature control. In our case, since the
reaction previously showed to be very tolerant to different light
intensity we could attempt to cool the reaction. Carrying out the
transformation with the reaction vessel placed in an EtOAc bath
cooled to 0 °C by an immersion cooler allowed to increase the
yield to 50% (Table 6, entries 1 and 2). Decreasing the tempera-
ture to −20 °C slightly improved the yield and the mass balance
of the reaction (Table 6, entry 3). At −41 °C the reaction time
had to be increased to reach full conversion of styrene (1a), and
the yield slightly decreased (Table 6, entry 4). As full conver-
sion is still reached rapidly at −20 °C, we were interested to use
a more convenient cooling bath made from ice and salt rather
than the immersion cooler. We were pleased to see that running

the reaction with this method of cooling afforded similar yield
(Table 6, entry 5) even with a significantly more opaque bath
mixture.

Having already modified most of the reaction parameters avail-
able we decided to explore the effect of different additives. In
most reactions, 10 resulting from water addition was observed
to some extent (4–8%), the presence of 4 Å molecular sieves
effectively suppressed the formation of 10 (Table 7, entries 1
and 2). Unfortunately, the yield did not increase and only a
slightly worse mass balance was observed. Multiple reagents
are known to abstract fluorine from trifluoroborate salts to form
the corresponding difluoroborate species [57-60]. This ap-
proach has previously been successful to increase the yield of
different transformations. Using fluoride scavenger such as
TMSCl, TFAA or TMS2(O) led to similar or lower yields
(Table 7, entries 3–5). We were pleased to see that in the pres-
ence of BF3·Et2O, 4a was obtained in 75% yield (Table 7, entry
6). Addition of a less acidic boron Lewis acid B(OTFE)3 had a
detrimental effect (Table 7, entry 7). Increasing the stoichiome-
try of BF3 to 2 equivalents lowered the yield significantly
(Table 7, entry 8). In contrast, the loading could be reduced to
30 mol % without impacting the formation of 4a (Table 7,
entries 9 and 10).

Finally, a fine-tuning of the reaction conditions was performed.
Increasing the concentration to 0.1 M afforded a comparable
yield (Table 8, entries 1 and 2). Similarly, the equivalents of
alkynyl-BF3K 5a could be reduced to 1.5, a further decrease
started to impact the yield (Table 8, entries 3 and 4). Carrying
out the reaction in degassed solvent is not mandatory but



Beilstein J. Org. Chem. 2024, 20, 701–713.

708

Table 6: Temperature screening.a

Entry T (°C) Method of cooling Yield 4a (%)b Mass balance (%)c

1 rt – 42 54
2 0 immersion cooler 50 64
3 −20 immersion cooler 52 71
4d −41 immersion cooler 46 71
5 −20 ice and NaCl bath 53 69

aIn all experiment the Kessil lamp was pointed diagonally towards the reaction vessel immersed in a cooling bath contained in a Dewar. An immer-
sion cooler was placed in an EtOAc bath. The data were already published in the supporting information of ref. [45] except for the mass balance. The
photo is a cropped version taken from ref. [45]. bNMR yield determined using CH2Br2 as internal standard. cThe mass balance corresponds to the
quantity of product + byproducts that could be determined by NMR integration. dReaction was carried out for 3 h.

Table 7: Additive screening.

Entry Additive Equivalent Yield 4a (%)b Yield 10 (%)b

1 – – 53 8
2 MS 4 Å 50 mg/0.1 mmol 51 <5
3 TMSCl 1 equiv 40 –
4 TFAA 1 equiv 54 –
5 (TMS)2O 1 equiv 48 13
6 BF3·Et2O 1 equiv 75 –
7 B(OTFE)3 1 equiv 53 10
8 BF3·Et2O 2 equiv 37 n.d.
9 BF3·Et2O 0.3 equiv 72 9
10 BF3·Et2O 0.1 equiv 67 13

aThe data were already published in the supporting information of Ref. [45] except for the yield of 10 and for entry 10. bNMR yield determined using
CH2Br2 as internal standard. n.d. = not determined.

affords a better result (Table 8, entry 5). The photocatalyst
could be changed to Ru(bpy)3(PF6)2 without impacting the
reaction (Table 8, entry 6). This photocatalyst was ultimately
chosen since we observed a sharp decrease in yield when

Ru(bpy)3Cl2·6H2O was used with alkyl-substituted alkynyl-
BF3K, probably due to the poor solubilization of the catalyst.
Finally, control experiments in the absence of photocatalyst or
light only afforded traces of product (Table 8, entry 7).
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Table 8: Fine-tuning of the reaction conditions.

Entry Change from standard conditions Yield 4a (%)b

1 none 72
2 c = 0.1 M 75
3 c = 0.1 M, 5a (1.5 equiv) 74
4 c = 0.1 M, 5a (1.25 equiv) 71
5 c = 0.1 M, 5a (1.5 equiv), no degassing 65
6 c = 0.1 M, 5a (1.5 equiv), Ru(bpy)3(PF6)2 (2 mol %) 74
7 no photocatalyst or light, 16 h <5

aThe data were already published in the supporting information of ref. [45]. bNMR yield determined using CH2Br2 as internal standard.

Scheme 3: Selected scope entries of the azido-alkynylation. The data were already published in ref. [45].

The successful scope of the reaction was already described in
our previous work [45], and will be only shortly described in a
summarized form (Scheme 3). Styrene substituted with a tert-

butyl at the para position afforded 4b in 78% yield. Using a
styrene bearing a sterically hindered aryl afforded 4c in a simi-
lar yield. Homopropargylic azides possessing oxygen substitu-
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Scheme 4: Unsuccessful examples. The conditions used are the same as in Scheme 3. The yields reported were determined by NMR on crude mix-
tures. n.o. = not observed.

ents such as 4d and 4e could be obtained in 84% and 78% yield,
respectively. We were pleased to see that the presence of an
acetamide did not shut down the reaction, the corresponding
product 4f was obtained in 68%. The amide could have
competed with the alkynyl-trifluoroborate for the carbocation
trapping. An halogen-substituted styrene could be azido-alkyny-
lated to afford 4g in 71% yield. Electron-poor aryls are ex-
pected to destabilize the carbocation intermediate formed during
the reaction. Nevertheless, 4h possessing a para ester could be
obtained, albeit with a decreased yield. Homopropargylic azides
substituted with heteroaryls such as thiophene (4i) or a bromo-
furan (4j) were obtained in 62% and 54% yield, respectively.
When the azido-alkynylation was carried out on 1,2-dihydro-
naphthalene, 4k could be obtained in 71% yield and 3.8:1 dr. As
expected, the configuration of the major diasteroisomer was de-
termined to be trans. Diyne 4l could be accessed in 44% yield
from the exclusive 1,2-functionalization of the corresponding
ene-yne. Crude NMR of the reaction did not show the presence
of an allene product which could have been formed by a 1,4-
functionalization. Enol ether could also be involved in the reac-
tion, affording 4m in 49% yield.

Next, we explored the variety of nucleophilic alkynes that could
be introduced using p-acetoxystyrene as model substrate.
Alkynyl-trifluoroborates bearing an electron-donating group
(OMe) or electron-withdrawing groups (F, Cl, CO2Me) on the
aryl ring worked well in the transformation, affording homo-

propargylic azides 4n–q in 60–77% yield. The reaction appears
to be sensitive to the steric hindrance of the nucleophile: addi-
tion of a mesitylalkyne only formed 33% of 4r. Pleasingly,
heteroaryl substituents were tolerated, 4s bearing a thiophene
was obtained in 54% yield. The reaction could be extended to
alkyl-substituted alkynes with little difference in yields. An
homopropargylic azides possessing a cyclopropyl (4t) was
formed in 52% yield. Finally, starting from potassium ethynyl-
trifluoroborate the free alkyne 4u could be accessed in 34%
yield with potential for further modification by cross-coupling.
The full scope of the transformation can be found in Support-
ing Information File 1, Schemes S2 and S3 [45].

Concerning scope limitations, the azido-alkynylation of vinyl-
pyridine 1b was unsuccessful and thiazole 1c only afforded
18% of the desired product, which proved to be unstable during
purification (Scheme 4). Homopropargylic azides containing
electron-rich nitrogen heterocycles could not be obtained. No
product was observed by using vinylindole 1d probably due its
high tendency to polymerize. Although a slight amount of
homopropargylic azide was formed using pyrrole 1e it could not
be isolated due to its instability. No conversion was observed
when the transformation was attempted directly on the indole
scaffold 1f.

Only a small amount of product was formed using styrene 1g
bearing an extra α-phenyl substituent. A slightly higher yield
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Scheme 5: Proposed mechanism.

was observed when α-methylstyrene (1h) was used instead but
it remained low (<27%). In general, when the reaction per-
formed poorly (<30%) a large number of byproducts are
formed, making the separation of the desired compound from
the impurities impossible. Attempting the reaction on the cyclic
substrate 1i did not afford the desired product. Although β-sub-
stitution on the alkene is tolerated, using trans-stilbene only
afforded 24% yield. Unfortunately, aliphatic alkenes are not
tolerated in the reaction. When 1k was used no product was
formed and only partial conversion was observed. As a simple
enol ether was reactive in the transformation, we attempted to
use glucal 1l but no conversion was observed. Enamide 1m
could be azido-alkynylated in low yield and the product was
inseparable from impurities. When dehydroalanine 1n was used
in the reaction no product was formed and only partial conver-
sion of the starting material was observed. We postulated that
the presence of two Boc protecting groups on the nitrogen
makes the oxidation of the C-centered radical challenging. By
using 1o only bearing one protecting group the desired product
could be obtained, albeit in only 17% yield.

Pyridine-substituted alkynyl-BF3K 5b could not be transferred,
and only traces of the product were observed. When 5c derived
from mestranol was involved in the reaction, the corresponding
homopropargylic azide was obtained in <23% yield. We noticed
that this particular alkynyltrifluoroborate salt has a low solu-
bility in DME, which might cause the low yield observed.
Ynonetrifluoroborate 5d could not be introduced as nucleophile,
probably due to its reduced reactivity caused by the electron-
withdrawing acyl group. Unfortunately, although Molander pre-
viously reported the use of vinyl-trifluoroborate 11 to trap
benzylic carbocation [42], in our case no product was observed.
Since β-substituted styrenes can be involved in the transformat-
ion it is possible that the azide radicals can react either with the

vinylic product formed in the reaction or with the starting vinyl-
BF3K. Simple aryl-BF3K 12 only afforded 14% yield of the
azido-arylated product, and using the more nucleophilic 13 only
slightly improved the yield. Finally, a small amount of product
resulting from the addition of allyl-BF3K 14 could be observed
but decomposed during purification.

Based on literature precedence [41,42,44] and experimental
studies [45] a plausible photocatalytic cycle could be proposed
(Scheme 5). Upon light irradiation, single-electron reduction of
Ts-ABZ (3) (E1/2

red = −0.62 V vs SCE) [45] by the excited state
photocatalyst (E1/2 [RuIII/RuII*] = −0.86 V vs SCE) [53] can
occur to form an azide radical, which upon addition to styrene
would generate intermediate I-1. Oxidation of the benzylic
radical (E1/2

ox = +0.37 V vs SCE for the corresponding radical
without the azide) [61] by the previously formed Ru(bpy)3+

(E1/2 [RuIII/RuII] = +1.29 V vs SCE) [53] regenerates the
ground state photocatalyst and forms carbocation I-2. Finally,
nucleophilic addition of the alkynyl-trifluoroborate onto the
benzylic carbocation would afford homopropargylic azide 4
[45].

Conclusion
In summary, an azido-alkynylation of styrenes to access homo-
propargylic azides was developed. The reaction was initially in-
vestigated using EBX reagents as SOMOphilic alkynes but this
only afforded a 29% yield of the desired product. After
switching to a radical-polar crossover approach the yield could
be significantly improved. Key to the reaction optimization was
the reduction of the temperature to −20 °C and the addition of
BF3·Et2O. A large variety of homopropargylic azides could be
obtained in 30–84% yield using Ts-ABZ (3) as azide radical
precursor and alkynyltrifluoroborates as nucleophilic alkyne
source [62].
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Abstract
Cyclic annulation involving diaryliodonium salts is an efficient tool for the construction of two or more chemical bonds in a one-pot
process. Ortho-functionalized diaryliodonium salts have showcased distinct reactivity in the exploration of benzocyclization or
arylocyclization. With this strategy of ortho-ester-substituted diaryliodonium salts, herein, we utilized a copper catalyst to activate
the C–I bond of diaryliodonium salts in the generation of aryl radicals, thus resulting in an annulation reaction with naphthols and
substituted phenols. This approach yielded a diverse array of 3,4-benzocoumarin derivatives bearing various substituents.
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Introduction
Diaryliodonium salts as electrophilic reagents have attracted
significant attention in the field of organic synthesis owing to
their efficiency and selectivity [1-7]. Particularly, they have
been employed in benzocyclization and arylocyclization reac-
tions, enabling intramolecular cyclization by forming aromatic
or heterocyclic rings as a part of cyclic structures [8]. In these
reactions, the dual activation of a C–I bond and vicinal C–H

bonds/functional groups features a distinct advantage, facili-
tating the formation of two or more chemical bonds in a step-
economic manner [9-13]. In a prior study, we reported a palla-
dium-catalyzed efficient activation of both C–I bond and the
adjacent C–H bond of diaryliodonium salts in the formation of
4,5-benzocoumarin derivatives, expanding the benzocoumarin
family (Scheme 1b) [14]. Recently, ortho-functionalized
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Scheme 1: Arylation reactions of aromatic compounds and reaction patterns of ortho-functionalized diaryliodonium salts.

diaryliodonium salts, due to their coordinating and electrophilic
effects, have exhibited unique reactivity and chemoselectivity
[15]. As such, a wide range of functional groups including the
trimethylsilyl group, boronic acid, trifluoroborate moiety, tri-
fluoromethanesulfonate, aryl sulfonamides, and heterocycles,
have been incorporated into the ortho-position of diaryliodo-
nium structures [16-21]. Ortho-trimethylsilyl or boronic acid-
substituted diaryliodonium salts can serve as aryne precursors.
Ortho-trifluoroborate-substituted diaryliodonium salts furnished
iodonium zwitterions as bifunctional reagents [22-25]. Addi-
tionally, ortho-trifluoromethanesulfonate, N-sulfonyl, or tosyl-
methylene-substituted diaryliodonium salts can undergo intra-
molecular aryl migrations [26-28]. More recently, we explored
the reactivity of ortho-functionalized diaryliodonium salts con-
taining electron-withdrawing groups (EWGs) such as fluorine

and nitro groups [29,30]. These ortho-substituted diaryliodo-
nium salts undergo selective benzocyclizations and arylocy-
clizations with aromatic acids, leading to 3,4-benzocoumarin
skeletons in the presence of palladium catalysts (Scheme 1b).
Furthermore, Olofsson and colleagues described an unprece-
dented reaction pathway using ortho-fluoro-substituted
diaryliodonium salts bearing strong electron-withdrawing
groups, leading to novel diarylations of N-, O-, and S-nucleo-
philes [31-33]. Building on our great interest in ortho-functio-
nalized diaryliodonium salts and their dual activation capabili-
ties, we sought to incorporate carboxylic ester groups into the
structures of ortho-substituted diaryliodonium salts to explore
their properties and reactivity. Our previous investigations
demonstrated the ability of diaryliodonium salts for selective
mono-arylation of 2-naphthols [34]. In this context, we embark



Beilstein J. Org. Chem. 2024, 20, 841–851.

843

Table 1: Optimization of reaction conditions.a

Entry Solvent Base Catalyst 3aa (%)b

1 DCE K2CO3 Cu(OTf)2 27
2 DCE Na2CO3 Cu(OTf)2 25
3 DCE Cs2CO3 Cu(OTf)2 16
4 DCE KOH Cu(OTf)2 24
5 DCE DMAP Cu(OTf)2 26
6 DCE NaOt-Bu Cu(OTf)2 35
7 DCE LiHMDS Cu(OTf)2 30
8 DCE – Cu(OTf)2 50
9 DMSO – Cu(OTf)2 45c (40)d

10 DMF – Cu(OTf)2 23
11 toluene – Cu(OTf)2 10
12 AcOH – Cu(OTf)2 0
13 H2O – Cu(OTf)2 0
14e DCE – Cu(OTf)2 48
15 DCE – Cu(OAc)2 61
16 DCE – Pd(OAc)2 22
17 DCE – PdCl2 40
18 DCE – AgOAc 20

aReaction conditions: 1a (0.3 mmol, 1 equiv), 2a (0.33 mmol, 1.1 equiv), base (0.3 mmol; 1 equiv), catalyst (10 mol %), solvent (2 mL), 80 °C,
3 hours. bIsolated yields were obtained after purification by column chromatography. cThe reaction temperature was 110 °C. dThe reaction tempera-
ture was 130 °C. eThe reaction was quenched after 12 hours.

on a strategy to modify the neighbouring position of the
diaryliodonium salt with an ester group, presenting a novel
copper-catalysed regioselective arylocyclization of naphthols
and substituted phenols. This method represents an efficient ap-
proach to access 3,4-benzocoumarin derivatives (Scheme 1c).

Results and Discussion
To start the study, we used 2-naphthol (1a) and 1.1 equivalents
of ortho-methyl formate-substituted diaryliodonium salt 2a as
template substrates. The reaction was performed in the pres-
ence of 10 mol % Cu(OTf)2 and 1.0 equivalent of K2CO3 in
DCE at a temperature of 80 °C. To our delight, the reaction
afforded 3,4-benzocoumarin 3aa in a 27% yield (Table 1, entry
1). The structure of 3aa was confirmed through NMR spectros-
copy and mass spectra analysis. Subsequently, we started to
screen various bases such as Na2CO3, Cs2CO3, KOH, NaOt-Bu,
LiHMDS, and DMAP (Table 1, entries 2–7). Fortunately, it was
found that the reaction yield was increased to 50% in the

absence of any base (Table 1, entry 8). Further investigations
for assessing the influence of various solvents including
dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF),
toluene, acetic acid (AcOH) and water (Table 1, entries 9–13)
were carried out. However, polar solvents such as AcOH and
H2O were proved to be unsuitable for this reaction. For cata-
lysts, we found that Cu(OAc)2 gave the best results (Table 1,
entries 15–18). Finally, the reaction temperature and time were
optimized, 3aa was produced in 61% yield at a temperature of
80 °C after 3 hours (Table 1, entry 15).

With the optimized reaction conditions in hand, we started to
explore the substrate scope of the cyclization to construct a
variety of 3,4-benzocoumarin derivatives. Our investigations
commenced with 2-naphthol (1), and the results are presented in
Table 2. Various substituted naphthols with a broad range of
substituents on the naphthalene unit were well tolerated in the
reaction, affording the corresponding products 3aa–aq in gener-
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Table 2: Scope of naphthols and phenols for the synthesis of 3,4-benzocoumarins.a,b.

Entry 1 Product Yield (%)b

1

3aa

61

2

3ab

63

3

3ac

80

4

3ad

77

ally moderate to good yields of 22–83% (Table 2, entries 1–17).
These substituents included halogen (Br), methyl, phenyl, alde-
hyde, ester, and methoxy groups, all of which were compatible
with the reaction conditions. Notably, compounds 3ab, 3ah,
3aj, 3am and 3ap bearing bromine are very useful modules for
the synthesis of functional materials via cross-coupling reac-
tions. Next, we extended our investigation to 1-naphthol in this
reaction, and found that the arylation of 1-naphthol was
achieved selectively at the C-2 position. The cascade cycliza-
tion resulted in the corresponding products 3an and 3ao in
yields of 49% and 40%, respectively (Table 2, entries 14 and
15). When 5,6,7,8-tetrahydro-2-naphthol was subjected to the
reaction, we obtained products 3ar and 3as as a mixture (40%
and 10% yield, respectively, Table 2, entry 18). However, when
naphthol bearing a strong electron-withdrawing group (such as

a nitro group) in the para position was reacted, the correspond-
ing product could not be obtained, but instead the O-arylated
product 3at was obtained (Table 2, entry 19). Apart from
naphthol, we also tested substituted phenols under the standard
conditions. The corresponding products of 3au and 3av were
produced in 34% and 39% yields, respectively, in which
methoxy and tert-butyl groups were located in the para
position to the hydroxy group (Table 2, entries 20 and 21). In
the case of 3al, the mono-arylation of naphthol generated 3al’
in 20% isolated yield, which is the reason for the low yield of
3al.

We subsequently turned our attention to explore the effect of
structural diversity of the ortho-ester-substituted diaryliodo-
nium salts. Firstly, a family of substituted diaryliodonium salts
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Table 2: Scope of naphthols and phenols for the synthesis of 3,4-benzocoumarins.a,b. (continued)

5

3ae

26

6

3af

31

7

3ag

28

8

3ah

54

9

3ai

25

10

3aj

22

11

3ak

49

12

3al
3al’

48 (20)



Beilstein J. Org. Chem. 2024, 20, 841–851.

846

Table 2: Scope of naphthols and phenols for the synthesis of 3,4-benzocoumarins.a,b. (continued)

13

3am

3

14

3an

49

15

3ao

40

16

3ap

25

17

3aq

43

18

3ar
3as

45 (10)

19

3at

51
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Table 2: Scope of naphthols and phenols for the synthesis of 3,4-benzocoumarins.a,b. (continued)

20

3au

34

21

3av

39

aReaction conditions: 1 (0.3 mmol, 1 equiv), 2a (0.33 mmol, 1.1 equiv), Cu(OAc)2 (10 mol %), DCE (2 mL), 80 °C, 3 hours. bIsolated yields were ob-
tained after purification with column chromatography. Mes = 2,4,6-trimethylphenyl, OTf = trifluoromethansulfonate.

Table 3: Scope of ortho-ester-substituted diaryliodonium salts.a

Entry 2 Product Yield (%)b

1

2b
3aa

55

2

2c 3ca

32

3

2d
3da

50

were synthesized in a one-pot procedure. These ortho-substi-
tuted diaryliodonium salts were isolated as stable solids, whose
structures were fully characterized by NMR spectroscopy. As

shown in Table 3, we utilized 2-naphthol and 1-naphthol as
template substrates to react with various unsymmetrical 2-ester-
substituted diaryliodonium salts. Remarkably, iodonium salts 2
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Table 3: Scope of ortho-ester-substituted diaryliodonium salts.a (continued)

4

2e

3ea

46

5

2f

3fa

49

6

2g

3ga

55

7

2h

3ha

43

8

2i

3ia

21

9

2j

3ja

59

10c

2j
3jb

28
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Table 3: Scope of ortho-ester-substituted diaryliodonium salts.a (continued)

11

2k

3ka

37

12c

2k
3kb

45

13

2l

3la

35

14

2m 3ma

50

aReaction conditions: 1 (0.3 mmol, 1 equiv), 2 (0.33 mmol, 1.1 equiv), Cu(OAc)2 (10 mol %), DCE (2 mL), 80 °C, 3 hours. bIsolated yields were ob-
tained after purification with column chromatography. c1-Naphthol was used instead of 2-naphthol. Mes = 2,4,6-trimethylphenyl, OTf = trifluoro-
methansulfonate.

proved to be versatile in this reaction, regardless of the elec-
tronic nature and position of the substituents. The desired 3,4-
benzocoumarin products 3ba–ma were obtained in yields of
21–59%. Notably, substituents such as halogens (F, Cl, and Br),
methyl, methoxy, and trifluoromethyl groups at the ortho-,
meta-, or para-positions to the ester group were all well-toler-
ated (Table 3).

To gain further insights into the reaction mechanism, we con-
ducted control experiments. Given the utility of diaryliodonium
salts in radical chemistry, we introduced 2 equivalents of
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) or 2 equiva-
lents of butylated hydroxytoluene (BHT) into the template reac-
tion. Remarkably, we observed that the desired product was not
formed, suggesting a radical pathway. Subsequently, we investi-
gated the bond-formation sequence in the benzocyclization
reaction. A possible intermediate of 3al’ was prepared and
tested in the reaction under the standard conditions, however,
product 3aa was not obtained.

Based on the literature known results and the experimental evi-
dences [35,36], we proposed a plausible reaction mechanism
(Scheme 2b). The reaction started with the formation of radical
intermediate A from diaryliodonium salt 2a. Naphthol 1a forms
intermediate B with A after participation with the Cu(II) cata-
lyst. Intermediate B generates C by radical substitution. A final
intramolecular transesterification yields the benzocoumarin
product 3aa.

Conclusion
In summary, we have employed ortho-ester-substituted
diaryliodonium salts in a cascade cyclization, the cyclization
features a copper-catalyzed activation strategy involving the
cleavage of the C–I bond and esterification. The resulting
cascade of selective arylation/intramolecular cyclization facili-
tated the synthesis of 3,4-benzocoumarin derivatives. The
protocol enables the efficient formation of two chemical bonds
in one pot, representing a valuable tool for the synthesis of
polycyclic benzocoumarins. Our ongoing research endeavours
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Scheme 2: Mechanism study. Standard conditions: 1 (0.3 mmol, 1 equiv), 2 (0.33 mmol, 1.1 equiv), Cu(OAc)2 (10 mol %), DCE (2 mL), 80 °C,
3 hours. TEMPO = 2,2,6,6-tetramethylpiperidine-1-oxyl; BHT = butylated hydroxytoluene.

are dedicated to explore the detailed reaction mechanism with
the ultimate aim of broadening the scope and applicability of
this approach.
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Abstract
A stereoselective N-alkenylation of azoles with alkynes and iodine(III) electrophile is reported. The reaction between various azoles
and internal alkynes is mediated by benziodoxole triflate as the electrophile in a trans-fashion, affording azole-bearing vinylbenzio-
doxoles in moderate to good yields. The tolerable azole nuclei include pyrazole, indazole, 1,2,3-triazole, benzotriazole, and tetra-
zole. The iodanyl group in the product can be leveraged as a versatile synthetic handle, allowing for the preparation of hitherto inac-
cessible types of densely functionalized N-vinylazoles.
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Introduction
N-Functionalized azoles are prevalent in bioactive natural prod-
ucts and pharmaceutical agents, including antifungal drugs
[1-3], and hence their selective preparation has attracted consid-
erable attention from the synthetic community. Compared to
methods for the de novo construction of azole heterocycles,
direct functionalization of the azole N–H bond offers the unique
merit of enabling rapid access to structurally diverse N-functio-
nalized azoles because one versatile method would potentially
apply to various azole nuclei. In this context, the N-alkenyla-
tion of azoles represents an attractive transformation due to the
occurrence of the N-vinylazole motif in bioactive compounds

and the synthetic utility of its olefinic C=C bond. The most ex-
tensively explored approach to this transformation is the transi-
tion metal-catalyzed C–N coupling between azoles and viny-
lating agents, including vinyl halides [4], boronates [5], sulfo-
nium salts [6-8], and iodonium salts [9], which usually occurs
with the retention of the stereochemistry of the vinylating
agents (Scheme 1a). Nonetheless, this approach is not necessari-
ly suited for the stereoselective preparation of densely substi-
tuted N-vinylazoles because preparing the requisite multisubsti-
tuted vinylating agents, preferably with well-defined stereo-
chemistry, is a nontrivial task.

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Scheme 1: Synthesis of N-vinylazoles.

The addition of azoles to alkynes represents an alternative ap-
proach to N-vinylazoles. For example, Nolan and co-workers
recently reported a gold-catalyzed addition of azoles to alkynes
(hydroazolation; Scheme 1b) [10]. The gold catalysis encom-
passed various azoles such as pyrazole, indazole, and
(benzo)triazole, exhibiting high Z-selectivity. In addition, Cao
et al. reported a gold-catalyzed addition of 5-substituted tetra-
zoles to terminal alkynes [11]. Analogous hydroazolation reac-
tions of alkynes have also been achieved under other metal-cat-
alyzed conditions [12,13] or base-mediated conditions [14],
with varying scopes of azoles and alkynes. Despite such
advances, the hydroazolation approach is intrinsically limited to
the preparation of mono- or disubstituted vinylazoles. Herein,
we report on a three-component N-vinylation reaction of azoles
with alkynes and iodine(III) electrophile, benziodoxole triflate
(BXT, 1; Scheme 1c). Displaying exclusive trans-selectivity,
the reaction tolerates a broad range of azoles, including pyra-
zole, 1,2,3-triazole, tetrazole, indazole, and benzotriazole, with
internal alkynes as coupling partners. The resulting products
represent a new class of functionalized vinylbenziodoxoles
(VBXs) [15-21], which have recently emerged as unique viny-
lating agents [22-25]. Thus, the follow-up transformation of the
iodanyl group in the present products allows for the preparation

of hitherto inaccessible types of densely functionalized vinyla-
zoles with tetrasubstituted olefinic moiety.

Results and Discussion
Our group has demonstrated benziodoxole triflate (BXT) [26]
and related compounds as a versatile iodine(III) electrophile for
the inter- and intramolecular difunctionalization of alkynes with
various heteroatom and carbon nucleophiles [27-34]. Specifi-
cally, intermolecular trans-iodo(III)functionalization of alkynes
has been achieved using oxygen nucleophiles such as alcohols
[28,32], ethers [33], carboxylic acids [31], phosphate esters
[31], and sulfonic acids [31]. On the other hand, nitrogen-based
nucleophiles amenable to this reaction manifold have thus
far been limited to nitriles in the context of Ritter-type
iodo(III)amidation [29]. In light of the significance of vinylated
azoles, our attention was attracted to the feasibility of
iodo(III)azolation using various azoles (a single example of
iodo(III)azolation using pyrazole was reported in [28]).

Table 1 summarizes the results of the optimization of the reac-
tion conditions for the vinylation of pyrazole (2a) with 1-phe-
nyl-1-propyne (3a) and BXT (1). Upon examination of various
reaction parameters, the desired three-component N-alkenyla-
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Table 1: Optimization of reaction conditions.a

Entry Deviation from standard conditions Yield (%)b

1 none 77c

2 c = 0.1 M 50
3 c = 0.4 M 70
4 HFIP as the solvent (0.2 M) 16
5 Et2O as the solvent (0.2 M) 22
6 3 equiv of 2a 66
7 2 equiv of 2a 55
8 2 equiv of 2a, 2 equiv of K2CO3 trace

aThe reaction was performed on a 0.1 mmol scale; bDetermined by 1H NMR using 1,1,2,2-tetrachloroethane as an internal standard; cIsolated yield.

tion was found to proceed smoothly by reacting 3a with excess
amounts of 1 (2 equiv) and 2a (5 equiv) in MeCN (0.2 M) at
room temperature, affording the trans-difunctionalized product
4aa as a single regio- and stereoisomer in 77% yield (Table 1,
entry 1). Decreasing or increasing the concentration did not
improve the yield of 4aa (Table 1, entries 2 and 3). The reac-
tion became rather sluggish in different solvents such as HFIP
and Et2O (Table 1, entries 4 and 5). By reducing the equiva-
lents of 2a to 3 equiv and 2 equiv, the yield of 4aa dropped to
66% and 55%, respectively (Table 1, entries 6 and 7). The addi-
tion of a base such as K2CO3 completely shut down the desired
reaction (Table 1, entry 8). It is worth noting that the replace-
ment of 1 with N-iodosuccinimide, a common iodine(I) electro-
phile, failed to promote an analogous iodoazolation reaction,
highlighting the unique utility of the iodine(III) electrophile in
the present alkyne difunctionalization.

With the standard conditions (Table 1, entry 1) in hand, we
explored the scope of the three-component N-vinylation
(Scheme 2). First, various azoles were subjected to the vinyl-
ation reaction using alkyne 3a and BXT (1). 4-Bromo and
4-methylpyrazoles afforded the desired products 4ba and 4ca in
92% and 38% yields, respectively. 3-Phenylpyrazole under-
went competitive alkenylation at the N1 and N2 positions,
affording the N2-alkenylated product 4da and its N1-regio-
isomer in 84% overall yield in a ratio of 7:3. Indazole and its
4-bromo and 6-methoxycarbonyl analogues afforded the ex-
pected N1-alkenylated products 4ea–4ga in 43–68% yields.
1,2,3-Triazole and benzotriazole both smoothly participated in

the reaction to give their respective products 4ha and 4ia in
60% and 81% yields, respectively. Tetrazole and 5-methyltetra-
zole both proved to be excellent substrates. Regardless of the
presence or absence of the 5-substituent, they underwent prefer-
ential alkenylation at the N1 position over the N2 position with
the identical regioselectivity of 7:3 (see 4ja and 4ka). Among
other five-membered aromatic azacycles, imidazole completely
failed to undergo the present N-alkenylation, whereas the reac-
tion of 1,2,4-triazole was too sluggish to allow for the isolation
and unambiguous characterization of the expected product.

Next, the reaction of pyrazole (2a) was explored using different
alkynes. A series of (hetero)aryl(alkyl)alkynes were successful-
ly engaged as reaction partners to give the products 4ab–4af in
moderate yields, displaying tolerance to o-tolyl (4ad), 2-thienyl
(4ae), and methoxymethyl (4af) groups. A dialkylalkyne such
as 5-decyne smoothly underwent the difunctionalization reac-
tion to afford the product 4ag in 62% yield. While sluggish, tri-
methylsilylacetylene was selectively azolated at the terminal po-
sition (see 4ah), which could be rationalized by the better stabi-
lization of a partial positive charge at this position by the β-silyl
substituent. Finally, an oxazolidinone-substituted ynamide also
proved to undergo iodo(III)azolation in a regio- and stereoselec-
tive fashion to give the product 4ai in a moderate yield. Note
that terminal alkynes such as phenylacetylene also took part in
the reaction, albeit in a much-diminished yield (7% by
1H NMR; data not shown). Observing no byproducts origi-
nating from phenylacetylene, we speculate that the lack of reac-
tivity stems from the relatively low electron density of the ter-
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Scheme 2: Scope of three-component N-alkenylation of azoles.

minal alkyne, which likely leads to direct coordination of pyra-
zole to the iodine(III) reagent.

To probe the relative reactivity of different azoles, competition
experiments were performed. The reaction of excess (5 equiv
each) pyrazole (2a) and 1,2,3-triazole (2h) with the alkyne 3a
and 1 afforded a mixture of the corresponding products 4aa and
4ha in a ratio of 60:40 (Scheme 3a). Performed in the same
manner, the competition between 2a and tetrazole (2j) resulted
in 4aa as the major adduct, accompanied by the tetrazole
adducts 4ja and 4ja’ (the ratio 4aa/4ja/4ja’ = 71:21:8;

Scheme 3b). Superficially, these results appear correlated with
the acidity of the corresponding azoles (pKa value: pyrazole,
19.8; 1,2,3-triazole, 13.9; tetrazole, 8.2), with the lowest-acidic
pyrazole being the most competitive. However, we rather
surmise that the Lewis basicity of the proton-free nitrogen atom
of the azole would have more direct relevance to the results of
the competition experiments, where the least Lewis basic tetra-
zole was the least competitive. Along with this conjecture, the
present reaction is proposed to involve reversible complexation
between the alkyne and the cationic iodine(III) electrophile and
subsequent trans-addition of the azole nucleophile, the latter
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Scheme 3: Competition experiments and plausible reaction pathway.

step being coupled with concomitant deprotonation of the N–H
bond by the triflate anion (Scheme 3c). It is important to note
that the azole nucleophile preferentially adds to the carbon atom
that can better stabilize a positive charge, as demonstrated by
the regioselectivities observed with unsymmetrical alkynes. The
failure of imidazole to participate in the iodo(III)azolation may
be attributed to its much greater Lewis basicity compared to
other azoles, likely killing the reactivity of the iodine(III) elec-
trophile by direct coordination.

The present reaction could be performed on a preparative scale.
Thus, 1 mmol-scale synthesis of the vinylazoles 4aa and 4ba
could be successfully performed in 68% and 74% yields, re-
spectively (Scheme 4a). Furthermore, the iodanyl group on
these products serves as a versatile handle for downstream
transformations, thus allowing for the stereoselective prepara-
tion of various trisubstituted N-vinylazoles (Scheme 4b).
Pd-catalyzed C–C couplings such as Suzuki–Miyaura and
Sonogashira couplings on 4aa or 4ba afforded the desired prod-
ucts 5 and 6 in 47% and 74% yields, respectively. In the former
case, the C–Br bond on the pyrazole moiety remained intact,
highlighting the superior leaving group ability of the BX group.

Cu-catalyzed Ullmann coupling between 4ba and 4-methoxy-
benzenethiol furnished the N,S-substituted olefin 7 in 59%
yield. The treatment of 4aa with stoichiometric CuI and
ʟ-proline effected the iodine(III)-to-iodine(I) conversion to give
the vinyl iodide 8 in 76% yield. Compound 8 was used for the
Ullmann coupling with imidazole, producing the vicinal
N-heterocycle-substituted olefin 9 as a mixture of stereoiso-
mers in 65% yield. Finally, 4aa proved to be a viable nucleo-
philic VBX for the carboiodanation of 3-methoxybenzyne [35],
furnishing the new ortho-alkenylated arylbenziodoxole 10 with
exclusive C–C bond formation at the distal aryne carbon [36].

Conclusion
In summary, we have reported a three-component N-vinylation
reaction of azoles with alkynes and iodine(III) electrophile. The
present reaction represents a rare example of the installation of
stereodefined trisubstituted alkenyl groups into the azole core,
encompassing various azole nucleophiles including pyrazole,
indazole, 1,2,3-triazole, benzotriazole, and tetrazole. The
follow-up transformation of the iodanyl group provides a means
to prepare hitherto inaccessible types of alkenylated azoles.
Further exploration of the three-component alkenylation of
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Scheme 4: Preparative-scale reaction and product transformations. Reaction conditions: (a) Pd(PPh3)4, 4-MeOC6H4B(OH)2, Cs2CO3, DMF/H2O,
60 °C, 18 h. (b) Pd(OAc)2, PPh3, CuI, phenylacetylene, Et3N, 50 °C, 5 h. (c) CuI, neocuproine, 4-MeOC6H4SH, NaOt-Bu, toluene, 110 °C, 13 h.
(d) CuI, ʟ-proline, DMF, 80 °C, 14 h. (e) CuI, imidazole, Cs2CO3, DMF, 120 °C, 15 h. (f) 3-Methoxy-2-(trimethylsilyl)phenyl triflate, CsF, MeCN, rt,
18 h.

nitrogen and other heteroatom nucleophiles is currently under-
way.
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Abstract
Diaryliodonium(III) salts are versatile reagents that exhibit a range of reactions, both in the presence and absence of metal catalysts.
In this study, we developed efficient synthetic methods for the preparation of aryl(TMP)iodonium(III) carboxylates, by reaction of
(diacetoxyiodo)arenes or iodosoarenes with 1,3,5-trimethoxybenzene in the presence of a diverse range of organocarboxylic acids.
These reactions were conducted under mild conditions using the trimethoxyphenyl (TMP) group as an auxiliary, without the need
for additives, excess reagents, or counterion exchange in further steps. These protocols are compatible with a wide range of substit-
uents on (hetero)aryl iodine(III) compounds, including electron-rich, electron-poor, sterically congested, and acid-labile groups, as
well as a broad range of aliphatic and aromatic carboxylic acids for the synthesis of diverse aryl(TMP)iodonium(III) carboxylates in
high yields. This method allows for the hybridization of complex bioactive and fluorescent-labeled carboxylic acids with
diaryliodonium(III) salts.
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Introduction
Hypervalent iodine compounds are an attractive class of
reagents due to their stability, accessibility, and diverse chemi-
cal reactivity [1]. Diaryliodonium(III) salts, in particular, have

been widely recognized as efficient arylating reagents for a
range of carbon, nitrogen, oxygen, sulfur, and other nucleo-
philes, and can be employed in the presence or absence of tran-
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Scheme 1: Synthetic approaches of diaryliodonium(III) trifluoroacetates.

sition metal catalysts under thermal or photochemical condi-
tions [2-5]. Furthermore, these compounds have practical appli-
cations in the synthesis of radiochemicals utilized in positron
emission tomography (PET) imaging [6], as well as serving as
photoacid generators for photoinitiated radical polymerizations
[7,8]. Consequently, there exists a growing interest in the devel-
opment of more convenient synthetic routes for these com-
pounds, facilitating the creation of structurally novel diaryliodo-
nium(III) salts.

The counterions of diaryliodonium(III) salts play a crucial role
in modifying their physical properties, and stability and control-
ling the reactivity of arylation processes, as demonstrated in
various studies [9,10]. For instance, the Gaunt group reported
that the use of a fluoride counterion in diaryliodonium(III) salt
can trigger phenol O-arylation by activating the phenolic O–H
group with a fluoride anion [11]. Additionally, Muñiz et al.
found that the acetate counterion was more effective than chlo-
ride, hexafluorophosphate, and trifluoromethane sulfonate for
the borylation of diaryliodonium(III) salts [12]. Recently, our
group has developed a new method for phenol O-arylation
using aryl(2,4,6-trimethoxyphenyl)iodonium(III) acetates [13].
In this process, the acetate ligand acted as a base to activate the
phenol group and positioned it in proximity to accomplish the
smooth SNAr reaction.

The synthesis of diaryliodonium(III) salts with various counter-
ions, such as triflate (TfO−) [14], tetrafluoroborate (BF4

−) [15],
tosylate (TsO−) [16], and others [17], has been extensively
studied, as they play a key factor in the participation of iodo-
nium salts in diverse arylation reactions. Recently, efficient syn-
theses of diaryliodonium(III) trifluoroacetates have been re-
ported [18,19] (Scheme 1). The importance of the trimethoxy-
phenyl (TMP) group as an auxiliary (dummy) ligand on the

iodonium salt has prompted researchers to synthesize
aryl(TMP)iodonium(III) trifluoroacetates via oxidation of
iodoarene with m-chloroperbenzoic acid (mCPBA) in the pres-
ence of trifluoroacetic acid, followed by coupling with 1,3,5-
trimethoxybenzene [18] (Scheme 1A). This process demon-
strated tolerance for a wide range of electron-rich and electron-
deficient (hetero)aryl iodine(III) compounds. Wirth and
colleagues reported the flow synthesis of diaryliodonium(III)
trifluoroacetates using a cartridge filled with powdered oxone®

for in situ generation of bis(trifluoroacetoxyiodo)arenes and
their reaction with electron-rich arene or arylboronic acid [19]
(Scheme 1B).

Carboxylic acids, such as acetic acid and benzoic acid, charac-
terized by substantial difference in pKa values when compared
to trifluoroacetic acid, TfOH, HBF4, and p-TsOH, present a
wider substrate scope, including acid-sensitive groups, in the
preparation of diaryliodonium(III) salts. While the counterion
exchange of diaryliodonium(III) chloride with silver acetate
was reported [20], this method required heating conditions and
the use of an equimolar amount of the metal salt (Scheme 2A).
Despite the expected advantage, direct synthesis of these
diaryliodon-ium(III) carboxylates are scarce, and these com-
pounds were synthesized by reacting (diacetoxyiodo)benzene
and N-functionalized pyrrole in 2,2,2-trifluoroethanol (TFE,
Scheme 2B) [21].

Our group previously reported the synthesis of diaryl-
iodonium(III) salts by combining hypervalent iodine(III)
reagents with electron-rich arenes in fluoroalcohol solvents,
such as TFE or 1,1,1,3,3,3-hexafluoro-2-propanol [21,22].
These solvents stabilize the cationic intermediates in the synthe-
sis of diaryliodonium(III) salts from Koser's reagents or (diace-
toxyiodo)arenes. While iodonium salts with TfO−, TsO−, and
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Scheme 2: Synthesis of diaryliodonium(III) carboxylates.

other counterions are common, the related diaryliodonium
carboxylates are more attractive from a cost and safety stand-
point. In this work, we present a more practical, direct ap-
proach for the synthesis of aryl(TMP)iodonium(III) carboxyl-
ates, utilizing readily accessible iodosoarenes or (diace-
toxyiodo)arenes as starting materials in a fluoroalcohol solvent
(Scheme 2C). This protocol allows for the synthesis of electron-
rich, electron-poor, heterocyclic, and sterically hindered
aryl(TMP)iodonium(III) carboxylates by combining the broad
substrate scope of (hetero)aryl iodine(III) and carboxylic acids
under mild conditions.

Results and Discussion
In the synthesis of diaryliodonium(III) salts and their applica-
tion in arylation reactions, it is highly desirable to design
diaryliodonium(III) salts including a commercially available
and inexpensive auxiliary group to achieve efficient prepara-
tion of the salts and a high degree of chemoselectivity for
transferring the required aryl group. Electron-rich aryl ligands
derived from anisole, mesitylene, and particularly 1,3,5-
trimethoxybenzene are highly recommended for chemoselec-
tive arylation processes. Aryl(TMP)iodonium(III) salts
have been successfully used as transition metal-free
arylating reagents for various nucleophiles such as nitrogen-
[23-26], oxygen- [13,27-29], sulfur- [30], and carbon- [31]
nucleophiles due to their excellent reactivity and aryl group
selectivity over aryl(anisyl)iodonium(III) salts [32] and
aryl(mesityl)iodonium(III) salts [33].

Based on our previously reported conditions for the synthesis of
diaryliodonium(III) salts [21], we designed a more practical
synthetic protocol for the extended numbers of diaryl-
iodonium(III) carboxylates. Various electron-rich arenes were
screened as auxiliary aryl groups in the reaction with PhI(OAc)2
(1a) (Scheme 3). However, common partners such as toluene
(2a), mesitylene (2b), and anisole (2c) failed to react with
PhI(OAc)2 (1a). Therefore, 1,3-dimethoxybenzene (2d) was
used as a more electron-rich aryl group in the reaction with
PhI(OAc)2 (1a), resulting in the formation of the desired phe-
nyl(2,4-dimethoxyphenyl)iodonium(III) acetate (3ad) in 69%
yield. Notably, utilizing 1,3,5-trimethoxybenzene (2e) as an
auxiliary aryl group under identical conditions yielded the cor-
responding phenyl(TMP)iodonium(III) acetate (3ae) in 96%
yield.

Utilizing TMP as an auxiliary aryl group, we investigated the
substrate scope of (diacetoxyiodo)arenes 1 for the synthesis of
aryl(TMP)iodonium(III) acetates 4 (Scheme 4). The starting
materials, (diacetoxyiodo)arenes 1, can be prepared through the
oxidation of iodoarenes with NaBO3·4H2O [34], AcOOH [35],
mCPBA [36], and NaClO·5H2O [37] in the presence of acetic
acid. The reaction of (diacetoxyiodo)arenes bearing electron-
donating (methyl (1b), methoxy (1c), and phenyl (1d)) and
electron-withdrawing (methyl ester (1e), nitro (1f), and fluoro
(1g)) groups proceeded efficiently to produce the correspond-
ing aryl(TMP)iodonium(III) acetates 4b–g in high yields. A
sterically hindered ortho-disubstituted aryl group was also well-
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Scheme 3: Scope of dummy ligands.

tolerated, and the related ortho-disubstituted aryl(TMP)iodo-
nium(III) acetate (4h) was obtained in 83% yield. Notably, this
strategy allowed the synthesis of (diacetoxyiodo)arenes bearing
acid-sensitive Boc protecting groups (1i) and heteroaromatic
moieties such as pyridyl (1j) and thienyl (1k) groups. The reac-
tion of bis(diacetoxyiodo)arene (1l) with 1,3,5-trimethoxyben-
zene (2.1 equiv) under the same conditions afforded the
ditrigger iodonium salt 4l in 88% yield, demonstrating the
versatility of the process for the synthesis of multivalent precur-
sors. Furthermore, phenyliodine(III) bis(trifluoroacetate) was
used as a starting material under the optimized reaction condi-
tions and the corresponding phenyl(TMP)iodonium(III) tri-
fluoroacetate (4m) was obtained in 91% yield. These
aryl(TMP)iodonium(III) acetates were recently utilized by our
group for the arylation of phenols [13] and N-alkoxyamides
[26,29], exhibiting excellent reactivity and aryl group selec-
tivity.

In subsequent experiments, we sought to develop an alternative
approach by reacting iodosobenzene (5a) with a range of aro-
matic and al iphatic carboxylic acids 6a– i  to form
phenyl(TMP)iodonium(III) carboxylates 3ae ,  7aa–ai
(Scheme 5A). The reaction between benzoic acids (6a, 6b) and
heteroaromatic carboxylic acids (6c, 6d) proceeded smoothly
under the set conditions to form the corresponding

phenyl(TMP)iodonium(III) carboxylates 7aa–ad in high yield.
Additionally, a range of aliphatic carboxylic acids such as acetic
acid (6e), pivalic acid (6f), cyclohexanecarboxylic acid (6g),
and aliphatic carboxylic acid with acidic α-proton (6h) was also
tolerated under these conditions to produce the corresponding
phenyl(TMP)iodonium(III) carboxylates (3ae, 7af–ah) in
63–81% yield without any signs of side reactions. The adeno-
sine receptor antagonist acefylline (6i) was also used as a
carboxylic acid to give the corresponding phenyl(TMP)iodo-
nium(III) carboxylate 7ai in 86% yield, opening up new
avenues for structural modifications of drug candidates to
improve their properties and consequently, bioactivities [38-40].
The umbelliferone-3-carboxylic acid derivative 6j was also em-
ployed to produce the phenyl(TMP)iodonium(III) carboxylate
7aj carrying a fluorescent-labeling group in 93% yield.

Iodosoarenes 5b–f can be easily obtained by treating
(dichloroiodo)arenes [41] or (diacetoxyiodo)arenes [42] with
sodium hydroxide, by oxidation of iodoarenes with
NaClO·5H2O [43], or by electrolysis [44]. The reaction scope of
iodosoarenes 5b–f was explored with benzoic acid (6a) and
1,3,5-trimethoxybenzene (Scheme 5B). Iodosoarenes with elec-
tron-rich (5b, 5c, 5f), electron-deficient (5d), bromo (5e), and
sterically hindered substituents (5f) were applicable to give the
corresponding aryl(TMP)iodonium(III) benzoates 7ba–fa in
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Scheme 4: Substrate scope of aryl(TMP)iodonium(III) acetates. a) 0.50 mmol scale of 1i. b) 1,3,5-Trimethoxybenzene (2.1 equiv) was used.
c) Bis(trifluoroacetoxyiodo)benzene was used instead of 1a.

63–93% yield. It is worth noting that the products yielded by
these protocols were easily separated as white amorphous solids
by concentration and trituration of the obtained residue with
diethyl ether. The color of the products indicates that the reac-
tions proceeded without any signs of decomposition, conse-
quently yielding the desired products in high yields. However,
the common synthetic methods of diaryliodonium(III) triflates
involving a strong oxidizing agent with a strong acid and an
electron-rich arene often resulted in black/discolored products,
indicating decomposition, poor yields, and lower productivity in
arylation processes [45].

These aryl(TMP)iodonium(III) carboxylates are stable at room
temperature and are available as amorphous solids that dissolve
in specific solvents, such as chloroform, methanol, and
dimethyl sulfoxide. The iodonium salt 7aa does not decompose
even at 70 °C, and further increase in temperature facilitates the
ligand coupling between the phenyl group and the carboxylate
counterion. When heated at 140 °C for 2.5 h under solvent-free

conditions, iodonium salt 7aa underwent carboxylate O-pheny-
lation with complete phenyl group transfer, resulting in the for-
mation of phenyl benzoate in 70% yield (Scheme 6A).

Furthermore, iodonium salt 7aj with an umbelliferone-3-
carboxylate counterion displayed extremely weak blue fluores-
cence emission under 365 nm UV light compared to free
carboxylic acid 6j. This unique property was utilized for tracing
the counterion exchange process of the diaryliodonium(III) salt
by irradiating with 365 nm UV light. The counterion exchange
in umbelliferone carboxylate salt 7aj with trifluoroacetic acid
was rapid, and after 30 s, the completion of the reaction was
confirmed by the emergence of strong blue fluorescence emis-
sion due to the liberation of the fluorescent-labeling carboxylic
acid 6j (see Supporting Information File 1, Figure S1). Thus,
this post-fluorescence iodonium salt can be used for visual indi-
cation of the ligand exchange process, elucidating the arylation
mechanism of diaryliodonium(III) salts for their further applica-
tions in organic chemistry and other scientific fields. The poten-
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Scheme 5: Substrate scope of the carboxylic acids and iodosylarenes. a) The reaction was conducted for 4 h. b) 2.0 mL TFE was used.

tial of diaryliodonium(III) carboxylates obtained in this study
(i.e., Scheme 6B,C) and the related amino acid derivatives [46-
49] as new arylating reagents will be further explored by con-
ducting reactions with various nucleophiles involving the coun-
terion exchange process.

Conclusion
The absence of a widely applicable method for the synthesis of
diaryliodonium(III) carboxylates has prompted our research
group to devise a practical strategy for the synthesis of

aryl(TMP)iodonium(III) carboxylates with minimal reagents
without a counterion exchange step. By employing TMP as an
auxiliary aryl group, we have successfully achieved the reac-
tion between the hypervalent iodine compounds (ArI(OAc)2 or
ArIO) and 1,3,5-trimethoxybenzene in the presence of
organocarboxylic acid under mild conditions. This process
was completed in comparatively shorter time at room
temperature, yielding high yields of the corresponding
aryl(TMP)iodonium(III) carboxylates. Our method is
compatible with a wide range of electronically and sterically
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Scheme 6: Representative applications of aryl(TMP)iodonium(III) carboxylates.

diverse (hetero)aryl iodine(III) compounds, as well as aliphatic
and aromatic carboxylic acids with a diverse series of
functional groups. As a result, this process can be applied
for the unique hybridization of biologically active and
fluorescently-labeled carboxylic acids with diaryliodonium(III)
salts. We anticipate that this study will encourage the incorpora-
tion of diaryliodonium(III) carboxylates in various new applica-
tions.

Supporting Information
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Further experimental details and copies of 1H, 13C, and
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Abstract
We have developed an operationally simple method for the synthesis of dialkyl α-bromoketones from bromoalkenes by utilizing a
hypervalent iodine-catalyzed oxidative hydrolysis reaction. This catalytic process provides both symmetrical and unsymmetrical
dialkyl bromoketones with moderate yields across a broad range of bromoalkene substrates. Our studies also reveal the formation of
Ritter-type side products by an alternative reaction pathway.
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Introduction
Organic synthesis heavily relies on oxidative transformations to
facilitate chemical reactions. One popular method for achieving
these transformations is using redox-active metals, inspired by
Nature's metalloproteins. However, using toxic and expensive
metals is not always practical, making alternative oxidative
methodologies more appealing. Enter hypervalent iodine
reagents – a leading metal-free choice for oxidation reactions.
These robust and low-toxicity reagents have gained popularity
due to their commercial availability [1-5] and versatility for
phenolic dearomatizations, oxidative annulations, fragmenta-
tions, and oxidative rearrangements [6-11]. In particular,
iodine(III) reagents have been proven effective for a wide range

of oxidative transformations, cementing their position as a go-to
option for organic chemists.

Based on our continued interest in iodine(III)-mediated chem-
istry, we have explored numerous strategies in oxidative trans-
formations such as direct α-tosyloxylation of ketones [12-14],
and the oxidation of enol esters [15,16], to access α-functionali-
zed ketones. We recently developed the oxidative contraction of
3,4-dihydropyranones to access polysubstituted γ-butyrolac-
tones [17]. In 2015 we demonstrated that [hydroxy(tosyl-
oxy)iodo]benzene (HTIB) could be used to convert chloro- and
bromoalkenes into their corresponding α-halo ketone products
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in usually very high yields (Scheme 1a) [18,19]. However, the
haloalkenes used in this previous study as α-substituted ketone
precursors were limited to either styryl analogs or stilbene type
haloalkenes, with the only exception of 1-bromocycloheptene as
fully aliphatic substituted substrate which resulted in a low
yield of the desired product. Also, this method involved using a
stoichiometric amount of HTIB for the transformation.

Scheme 1: (a) Oxidative hydrolysis of styrene or stilbene type
haloalkenes. (b) Fate of unsymmetrical dialkyl ketones on direct bromi-
nation. (c) This work.

α-Haloketones are 1,2-difunctionalized synthons which are very
versatile and essential building blocks for their role in the syn-
thesis of heterocyclic compounds [20-22]. Particularly dialkyl
bromoketones have been utilized in natural product synthesis
[23-25], also as a precursor to reactive oxyallyl cation interme-
diates [26-28], and for their photochemical reactions [29]. How-
ever, the direct halogenation of unsymmetrical ketones for the
synthesis of dialkyl bromoketones would result in a mixture of
regioisomers given the presence of enolizable protons on each
side of the ketone (Scheme 1b). Recently Toy et al. have
disclosed the selective synthesis of unsymmetrical α-haloke-
tones by reductive halogenation of an α,β-unsaturated ketones
using external halide source [30]. We envisioned that dialkyl
bromoalkenes 1 could be used as enol analogs with an improve-
ment in reaction conditions in the presence of I(III) reagents to

directly get both symmetrical and unsymmetrical dialkyl
bromoketones 2 (Scheme 1c). Recent methods have been re-
ported to access bromoalkenes such as 1 from easily accessible
substrates, making the approach even more appealing [31,32].

Results and Discussion
Given its low volatility, we initiated our studies by testing the
reactivity of (E/Z)-1,8-diphenyl-4-bromooct-4-ene (1a) with
HTIB (1.1 equiv) and cat. TsOH·H2O (0.2 equiv) in acetonitrile.
These reaction conditions afforded the desired product 2a in
moderate yield (51%), along with 21% mixture of regioisomers
3a and 3a’ obtained from Ritter-type reaction of 1a with
CH3CN in the presence of HTIB (Table 1, entry 1).

We explored the influence of different variables to counteract
the formation of 3a and 3a’. We first envisioned that the use of
the more hindered, mesityl-derived Koser’s reagent, could dras-
tically influence the formation of the side-products. Unfortu-
nately, its use resulted in a drop of the yield for the desired
α-bromoketone (Table 1, entry 2). In situ generation of Koser-
like reagent by addition of excess TsOH·H2O (2.0 equiv) to
either PIDA or p-OMe-PIDA did not further improve the yield
for α-bromoketone (Table 1, entries 3 and 4). We envisioned
that altering the iodonium intermediate counterion by replacing
TsOH with either MsOH or HNTf2 as an acid additive (2.0
equiv) could influence the formation of 3a/3a’. The use of these
acids in the presence of PIDA did not show any significantly
altering reaction outcome (Table 1, entries 5 and 6). We then
replaced acetonitrile with dichloromethane to completely
prevent the formation of 3a/3a’. Unfortunately, while it elimi-
nated the side products, it further limited the yield for
α-bromoketone, whereas no reactivity was seen when EtOAc
and DMA were used as solvents (Table 1, entries 7–9). The use
of HFIP led to complete conversion of 1a, but no observation of
the desired product 2a (Table 1, entry 10).

We then explored catalytic conditions for the generation of the
iodine(III) reagent. Remarkably, when catalytic PhI (0.2 equiv)
was employed for in situ generation of Koser’s reagent by using
m-CPBA (1.2 equiv) as an oxidant, almost similar results were
obtained (Table 2, entry 1) with those obtained by stoichio-
metric use of HTIB. Attempt to perform the reaction using a
catalytic amount of 2-iodobenzoic acid (0.2) under similar
oxidizing conditions resulted in slightly diminished yield for the
desired α-bromoketone (Table 2, entry 2). Notably, the direct
use of HTIB as the catalyst, with a catalytic amount of
TsOH·H2O (0.2 equiv each), in the presence of m-CPBA
(1.2 equiv) proved to be the most superior conditions (59%
NMR yield, Table 2, entry 3). To rule out the possibility of
direct involvement of m-CPBA in the oxidative hydrolysis reac-
tion, 1a was reacted in the absence of any hypervalent iodine



Beilstein J. Org. Chem. 2024, 20, 1286–1291.

1288

Table 1: Conditions screening (without oxidant)a.

Entry Solvent HVI source (equiv) Additive (equiv) 2a [%]b 3a + 3a' [%]b,c

1 CH3CN HTIB (1.1) TsOH·H2O (0.2) 51 21
2 CH3CN Mes-Koser's (1.1) TsOH·H2O (0.2) 36 18
3 CH3CN PIDA (1.1) TsOH·H2O (2.0) 42 28
4 CH3CN p-OMe-PIDA (1.1) TsOH·H2O (2.0) 50 18
5d CH3CN PIDA (1.1) MsOH (2.0) 46 28
6d CH3CN PIDA (1.1) HNTf2 (2.0) 35 trace
7 CH2Cl2 HTIB (1.1) TsOH·H2O (0.2) 25 na
8 EtOAc HTIB (1.1) TsOH·H2O (0.2) NR na
9 DMA HTIB (1.1) TsOH·H2O (0.2) NR na
10 HFIP HTIB (1.1) TsOH·H2O (1.1) 0 na

aUnless otherwise stated 0.1 mmol of 1a was used with 0.1 M conc. of solvent. bNMR yield determined by 1H NMR of the crude reaction mixture
using an internal standard. cCombined yield of regioisomers. d5.0 equiv H2O were added to the reaction.

Table 2: Conditions screening (with oxidant)a.

Entry Solvent Catalyst (equiv) Additive (equiv) Oxidant (equiv) 2a [%]b 3a + 3a' [%]b,c

1 CH3CN PhI (0.2) TsOH·H2O (0.2) m-CPBA (1.2) 51 23
2 CH3CN 2-I-PhCO2H (0.2) TsOH·H2O (0.2) m-CPBA (1.2) 41 22
3 CH3CN HTIB (0.2) TsOH·H2O (0.2) m-CPBA (1.2) 59 24
4 CH3CN none none m-CPBA (1.2) 5 20
5 CH3CN none TsOH·H2O (1.1) m-CPBA (1.2) 13 15
6d CH3CN HTIB (0.2) TsOH·H2O (0.2) m-CPBA (1.2) na na

aUnless otherwise stated 0.1 mmol of 1a was used with 0.1 M conc. of solvent. bNMR yield determined by 1H NMR of the crude reaction mixture
using an internal standard. cCombined yield of regioisomers. dX = Cl and the reaction was carried out both with or without addition of 5.0 equiv of
H2O.
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Scheme 2: Substrate scope. Unless otherwise stated 0.2 mmol of 1 was used and the isolated yields are given.

source, which resulted in a significant decrease in the yield of
2a (Table 2, entries 4 and 5). Importantly, when analogous
chloroalkene (E/Z)-1,8-diphenyl-4-chlorooct-4-ene (1a’) was
tested as a substrate under optimal conditions (without H2O or
with 5 equiv H2O), no reactivity was seen at all, presumably
due to the stronger inductive effect of the chlorine (Table 2,
entry 6).

It was unfortunately not possible to prevent formation of side
products 3a/3a' using modifications of the reaction conditions.
We thus next turned our attention to exploring the scope of the
developed protocols, focusing both on symmetrical as well as
unsymmetrical dialkyl bromoalkenes, in order to determine if
the nature of the substrate could influence the reaction outcome.
As shown in Scheme 2, the (E/Z) symmetrical dialkyl
bromoalkenes reacted well with catalytic HTIB, irrespective of
the chain length, affording the corresponding α-bromoketones
(2a,b) in 49–54% isolated yields by oxidative transposition of
the bromine atom in the reaction process. We then extended this
scope by synthesizing unsymmetrical dialkyl bromoalkenes
(1c–g) bearing side chains of varied length and steric character.
The incorporation of n-pentyl or isobutyl groups at the distal
side of bromoalkene was readily tolerated and yielded the prod-
ucts (2c,d) with consistent yields. Demonstrating additional
generalizability, substrates bearing sterically demanding cyclo-
hexyl or isopropyl groups as the near side chain of bromoalkene
afforded the corresponding α-bromoketones (2e,f) with unaf-

fected reactivity or yields. Notably, 15–20% Ritter-type side
products were obtained with all these substrates as a mixture of
regioisomers. Surprisingly, even substrate 2g did not provide a
higher yield of the desired α-bromoketone product, despite the
absence of hydrogens on the allylic position (see Scheme 3 for
explanations).

Our mechanistic understanding of the oxidative hydrolysis of
styrene haloalkene analogs [19] lets us hypothesize an external
bromide attack as the main reaction pathway for this catalytic
oxidative transposition of dialkyl bromoalkenes (Scheme 3). No
α-tosyloxy ketone products were observed in the crude reaction
mixtures, either with catalytic or stoichiometric use of
TsOH·H2O, even when the reactions were incomplete. These
observations ruled out the possibility of double SN2 attack by
tosylate followed by bromide.

TsOH·H2O accelerates the formation of the phenyl tosyloxy
iodonium intermediate A from catalytic HTIB. Dialkyl
bromoalkene 1 then associates with A followed by attack of
tosyloxy or water, delivering iodonium intermediate B. Being a
better leaving group, the bromide anion is then expelled, which
becomes a counterion for the iodonium intermediate C. Libera-
tion of PhI serves as the driving force for subsequent SN2 attack
by the bromide anion to give the dialkyl α-bromoketone 2.
m-CPBA then regenerates the hypervalent iodine (HTIB) cata-
lyst by oxidizing PhI in the presence of TsOH·H2O. The forma-
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Scheme 3: Proposed catalytic cycle.

tion of the Ritter-type side products is proposed through path b
(Scheme 3). The elimination of α-proton on the side chain of
dialkyl bromoalkenes results in iodonium intermediate D, which
on the expulsion of PhI gives a mixture of the allylic carbocat-
ion E, which ultimately gets trapped by MeCN in the presence
of H2O, giving the regioisomeric mixture of Ritter-type amida-
tion side products 3.

Conclusion
In summary we have developed a hypervalent iodine-catalyzed
synthetic method for the oxidative hydrolysis of diverse dialkyl
bromoalkenes. The current approach can tolerate both symmet-
rical as well as unsymmetrical dialkyl bromoalkenes as sub-
strates delivering dialkyl α-bromoketones which are highly
sought-after synthons in heterocycle synthesis and medicinal
chemistry, thus overcoming the limitations of previous
methods. The reaction accommodates sterically hindered
bromoalkenes as substrates, leading to the corresponding
α-bromoketone derivatives. While we could not further mini-

mize the formation of Ritter-type side products (≈4:1 ratio of
α-bromoketone vs Ritter-type side products), noticing these side
products from common phenyl tosyloxy iodonium intermediate
suggest that hypervalent iodine reagents could be utilized in the
future for the α-acetamidation of dialkyl bromoalkenes. The
present work provides an operationally simple catalytic method
to access a diverse range of α-bromoketones, which are versa-
tile building blocks for synthesizing various important hetero
aromatics.
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Abstract
Hypervalent iodine catalysis has been widely utilized in olefin functionalization reactions. Intermolecularly, the regioselective addi-
tion of two distinct nucleophiles across the olefin is a challenging process in hypervalent iodine catalysis. We introduce here a
unique strategy using simple lithium salts for hypervalent iodine catalyst activation. The activated hypervalent iodine
catalyst allows the intermolecular coupling of soft nucleophiles such as amides onto electronically activated olefins with high regio-
selectivity.

1405

Introduction
Hypervalent iodine(III) reagents, also known as λ3–iodanes,
have been well established and used in organic synthesis for the
past decades [1-5]. The pioneering works of Fuchigami and
Fugita, Ochiai, Kita, and later the development of chiral hyper-
valent iodines by Wirth, Kita, Ishihara, Muñiz, and many
others, have firmly established these reagents as useful cata-
lysts for a wide variety of chemical transformations [6-17]. A
number of features, including low toxicity, high stability, ease
of handling, and versatile reactivity, etc. render these catalysts
highly attractive for adoption in organic synthesis. In particular,

the field of olefin difunctionalization, known for its rapid
assembly of molecular complexity, has been a fertile ground for
innovation for hypervalent iodine catalysis, which often
involves the catalytic use of an iodoarene with stoichiometric
oxidants such as MCPBA, Selectfluor, etc. [18-20]. Earlier and
recent hypervalent iodine-catalyzed olefin halofunctionaliza-
tions by several groups have predicated on the use of intramo-
lecular olefin substrates tethered with a nucleophile to avoid the
lack of regiochemical additions (Scheme 1a) [21-28]. Intermo-
lecular hypervalent iodine-catalyzed olefin difunctionalizations
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Scheme 1: Hypervalent iodine-catalyzed olefin difunctionalizations background.

have been realized for olefin dihalogenation, dioxygenation and
diamination reactions, where often the same type of nucleo-
philes were incorporated (Scheme 1b) [29-40]. Intermolecular
hypervalent iodine catalysis with the regioselective additions of
two distinct nucleophilic functionalities across an olefin, how-
ever, remains challenging with limited solutions [41-46].
Notably, an interesting work by Hashimoto has recently enabled
the intermolecular addition of N-(fluorosulfonyl)-protected
carbamates as oxyamination reagents across a variety of olefin
structures [47]. This work engages the hypervalent iodine cata-
lyst in an anionic ligand exchange with the substrate, which
then partitions into an ion pair suitable for olefin activation, fol-
lowed by the addition of the bifunctional anionic carbamate
(Scheme 1c).

Our hypothesis here aims to directly access the reactivity of the
cationic hypervalent iodine catalyst through an initial activation
first, which we reason will then enable soft nucleophiles such as
unadorned amides to readily participate in the ensuing olefin

addition. In this regard, we wondered if the hypervalent iodine
with difluoro ligands could undergo salt metathesis with lithi-
um salts such as LiBF4 or LiPF6 to afford the more reactive
cationic hypervalent iodine catalyst. The cationic hypervalent
iodine catalyst could then activate the olefin to allow the addi-
tion of bifunctional nucleophiles such as an amide to achieve an
overall olefin oxyamination process. We have previously re-
ported a series of iodide-catalyzed processes, in which the elec-
trophilicity of the halogen source could be modulated to render
different classes of nucleophiles for additions onto olefins in
various olefin difunctionalization reactions [48-52]. In particu-
lar, we demonstrated that addition of either a Lewis acid or a
base could activate amides to couple with alkenes regioselec-
tively to furnish their respective oxazoline regioisomer
(Scheme 1d). Herein, we report that lithium salts such as LiBF4
or LiPF6, which are often used in lithium-ion batteries, can be
used to activate hypervalent iodine catalysts to enable olefin
oxyamination reactions with simple bifunctional amide nucleo-
philes (Scheme 1e).
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Table 1: Amide and alkene reaction optimization studies.

entrya precatalyst (mol %) solvent (M) additive (mol %) yield (%)c rr

1 A (20) MeNO2 (0.5) LiBF4 (100) 59 >95:5
2 A (20) MeCN (0.5) LiBF4 (100) 41 94:6
3 A (20) MeOH (0.5) LiBF4 (100) 0 –
4 A (20) DMF (0.5) LiBF4 (100) 0 –
5 A (20) MeNO2 (0.3) LiBF4 (100) 62 >95:5
6b A (20) MeNO2 (0.25) LiBF4 (100) 64 >95:5
7 A (20) MeNO2 (0.25) LiBF4 (100) 65 (61) >95:5
8 A (15) MeNO2 (0.5) LiBF4 (100) 55 >95:5
9 A (20) MeNO2 (0.5) LiPF6 (100) 56 >95:5

10 A (20) MeNO2 (0.5) AgBF4 (100) 12 >95:5
11 – MeNO2 (0.5) LiBF4 (100) 0 –
12d A (20) MeNO2 (0.5) LiBF4 (100) 0 –
13 A (20) MeNO2 (0.5) – 8 >95:5

aOptimized conditions: styrene (1, 0.25 mmol), iodotoluene A (20 mol %), LiBF4 (100 mol %), Selectfluor (150 mol %), benzamide (2, 400 mol %),
MeNO2 (0.25 M), rt, 16 h. Yields were determined by crude 1H NMR using 1,3-benzodioxole as the internal standard. bReaction time is 24 hours.
cThe yield in parenthesis is isolated yield. dNo Selectfluor added.

Results and Discussion
Our studies here focused on the development of hypervalent
iodine-catalyzed amide and alkene coupling reaction [53-55]. In
this case, we started with styrene (1) and benzamide (2) as the
standard substrates. Using iodotoluene A as the hypervalent
iodine catalyst precursor, Selectfluor as the oxidant, and LiBF4
as the lithium salt for hypervalent iodine activation, we were
gratified to observe the formation of the desired oxazoline 3 in
59% yield as the major regioisomer in nitromethane (MeNO2)
solvent (Table 1, entry 1). To further improve the reaction effi-
ciency, we screened several additional parameters including sol-
vents and concentration. In these cases, we found that while
both acetonitrile and MeNO2 (0.25 M) were suitable solvents,
other solvents in general afforded no product formation
(Table 1, entries 2–6). Lower catalyst loading and longer reac-
tion time did not improve the overall reaction efficiency
(Table 1, entries 6–8). Furthermore, we evaluated several salt
additives containing different counterions, and found that LiBF4
was the optimal additive (Table 1, entries 7, 9, and 10). The
optimal conditions were shown in entry 7 in Table 1, resulting
in the formation of the desired oxazoline product 3 in 61% iso-
lated yield. Control reactions in the absence of either the precat-
alyst or oxidant afforded no product formation (Table 1, entries
11 and 12). The control reaction in the absence of the lithium
salt only afforded 8% of the oxazoline product 3 (Table 1,

entry 13). These reactions validated the critical roles of each
individual component to achieve an efficient reaction.

To understand this coupling reaction better, we have also per-
formed time studies to elucidate the effects of several key fea-
tures in this reaction. First, we studied the iodoarene catalyst
precursor and the lithium salt in terms of their effects on the
overall reaction rate. In this case, we observed that the overall
reaction proceeded faster with the more electron-rich iodoarene
catalysts than electron-poor ones. Qualitatively, the electron-
rich iodoarene catalysts are likely to be worse at activating the
olefins than the electron-deficient hypervalent iodine catalysts.
Therefore, the faster rate with the electron-rich catalyst precur-
sor is because the electron-rich iodoarene catalyst precursors are
more easily oxidized to the hypervalent iodine catalyst with
difluoro ligands. Interestingly, the use of different lithium salts
also impacted the overall reaction rate, with the reaction using
the less coordinating LiAsF6 salt proceeding faster than LiPF6
and LiBF4. This time study suggested that the hypervalent
iodine precatalyst with the less coordinating counterion is more
reactive to activate the olefin. We also conducted kinetic studies
on how the olefin and amide structures impacted the overall
reaction rate. The more electron-rich olefins generally
proceeded faster than the electron-poor ones, suggesting that a
significant positive charge was likely built up on the olefin prior
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Figure 1: Time studies of the amide and alkene coupling. a) Iodoarene time studies: styrene (1), para-substituted iodoarenes, LiBF4, and benzamide
(2). b) Li salt time studies: styrene (1), iodoanisole, Li salts, and benzamide (2). c) Alkene time studies: para-substituted styrenes, iodotoluene A,
LiBF4, and benzamide (2). d) Benzamide time studies: styrene (1), iodotoluene A, LiBF4, and para-substituted benzamides.

to the nucleophilic addition. On the other hand, the electronic
nature of the para-substituted benzamides had little impact on
the overall reaction rate as both electron-rich and electron-defi-
cient benzamides proceeded with similar kinetic profiles. All
the kinetic plots are shown in Figure 1.

With the optimized conditions and kinetic information in hand,
we turned our attention to the amide substrate scope. In this
case, both electron-rich and -deficient benzamides proceeded to
the desired products in reasonable yields and high regioselectiv-
ities (Figure 2, products 4–7). Concurring with our kinetic data,
the electronic nature of the amide bears little impact on the
overall reaction rate and in this case, on the final yields as well.
Similarly, ortho- and meta-substituted benzamides with halogen
functionalities could also generate the desired oxazoline prod-
ucts with reasonable yields (Figure 2, products 8–10).
Heteroaromatic amides could also furnish the oxazolines 11 and
12 with good efficiency. Naphthaleneamide also generated the
desired product 13, albeit with slightly lower efficiency. Inter-
estingly, o- and m-methyl-substituted benzamides provided a

significant yield boost to provide the oxazoline structures 14
and 15. Finally, sterically encumbered tertiary amides partici-
pated in the reaction to afford the respective regioisomeric
product 16.

Encouraged by these results, we then turned our attention to
explore the extent of alkene substrate scope using 3,4-dimethyl-
benzamide, which afforded the oxazoline product 17 in 70%
yield (Figure 3). Based on this optimal amide structure, we ex-
amined various electronically activated olefins under the
optimal reaction conditions. A number of styrenyl derivatives
with para-substituted halogens, ester, and phthalimide
proceeded smoothly with good yields and excellent regioselec-
tivities to access the oxazoline products as single regioisomers
(Figure 3, products 18–22). The o-bromo-substituted styrene
also afforded the corresponding product 23. Furthermore, 1,1-
di-substituted α-methylstyrene and α-phenylstyrene produced
the respective oxazoline products with high regioselectivity and
reasonable yields using iodoanisole as the catalyst precursor
(Figure 3, products 24 and 25).
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Figure 2: Amide substrate scope studies. a) Standard conditions: styrene (0.25 mmol), iodotoluene (20 mol %), LiBF4 (100 mol %), Selectfluor
(150 mol %), amide (400 mol %), MeNO2 (0.25 M), rt, 16 h. b) Iodoanisole (20 mol %).

Figure 3: Alkene substrate scope studies. a) Standard conditions: alkene (0.25 mmol), iodotoluene (20 mol %), LiBF4 (100 mol %), Selectfluor
(150 mol %), 3,4-dimethylbenzamide (400 mol %), MeNO2 (0.25 M), rt, 16 h. b) Iodoanisole (20 mol %), MeCN (0.25 M).
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The proposed catalytic cycle (Figure 4) begins with iodotoluene
A which is oxidized by Selectfluor salt into the difluorinated
iodotoluene B. Then, LiBF4 can perform a salt metathesis with
B to produce LiF along with the active hypervalent iodoarene
catalyst C. The activated hypervalent iodine catalyst C can co-
ordinate to the alkene to form complex D. The nucleophilic
oxygen of the amide will attack in the internal position and
subsequent cyclization will furnish the desired oxazoline.

Figure 4: Proposed catalytic cycle for the hypervalent iodine-cata-
lyzed amide and alkene coupling.

Conclusion
We have developed a hypervalent iodine-catalyzed amide and
alkene coupling reaction. This reaction protocol furnished use-
ful oxazoline products and introduced the use of lithium salts to
activate hypervalent iodine catalysts. This strategy rendered the
participation of simple and unadorned amides as bifunctional
nucleophiles to achieve olefin oxyamination reactions. Time
studies of these reactions further unveiled interesting mechanis-
tic features that will be useful for our future catalysis develop-
ment and asymmetric reaction designs.
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Abstract
Halogen bonding permeates many areas of chemistry. A wide range of halogen-bond donors including neutral, cationic, monova-
lent, and hypervalent have been developed and studied. In this work we used density functional theory (DFT), natural bond orbital
(NBO) theory, and quantum theory of atoms in molecules (QTAIM) to analyze aryl halogen-bond donors that are neutral, cationic,
monovalent and hypervalent and in each series we include the halogens Cl, Br, I, and At. Within this diverse set of halogen-bond
donors, we have found trends that relate halogen bond length with the van der Waals radii of the halogen and the non-covalent or
partial covalency of the halogen bond. We have also developed a model to calculate ΔG of halogen-bond formation by the linear
combination of the % p-orbital character on the halogen and energy of the σ-hole on the halogen-bond donor.

1428

Introduction
Halogen bonding has emerged as an important attractive inter-
action in a wide range of applications that include crystal engi-
neering, drug discovery and light-emitting materials [1-4]. Al-
though, halogen bonding was first “observed” over 200 years
ago [5,6] and the structural characteristics were elucidated in
the latter half of the nineteenth century [7], the term “halogen
bond” entered the chemical literature in the latter half of twen-
tieth century [8]. Detailed studies of halogen bonding that fol-
lowed in the late 1990s and early 2000s primarily focused on
inorganic molecular and interhalogens, and inorganic and

organic halides that are monovalent (Scheme 1a) [1-4]. Hyper-
valent halogen compounds, specifically diaryliodonium salts,
have also been known to form Lewis acid–base adducts [9,10]
and a relative scale to quantify this property has recently been
reported [11,12]. Consequently, there has been a recent surge in
the use of diarylhalonium salts in halogen-bonding catalysis
[13-19].

Crabtree has outlined the similarity in molecular orbitals (MO)
formed in halogen bonds and hypervalent bonds (and hydrogen
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Scheme 1: Overview of halogen bonding.

bonds) [20]. Recently, we [21], and Legault and Huber [22], in-
dependently investigated the connection between electronic
structure (bonding) and molecular structure (geometry) in
diarylhalonium salts. We found a periodic trend with respect to
the percentage of s- and p-orbital character used by the central
atom to bond to the aryl substituents for a series of isoelec-
tronic diaryl chalcogen and diarylhalonium compounds
(Scheme 1b) [21]. The amount of s-character in the orbital used
by the central atom (both chalcogen and halogen) to bond with
the aryl groups decreases moving down the respective group
(16 and 17) [21]. We also found with a limited set of six com-
pounds that the association constant (Ka) for the halogen-bond
interaction of diarylhalonium salts with pyridine decreased with
increasing s-character used by the central halogen atom in the
bond opposite the halogen bond; this is effectively the s-char-
acter in the σ*-orbital [21].

Conceptually, halogen-bond donors are commonly described by
the electropositive σ-hole region, which is quantitatively de-
scribed by Vs,max on the halogen, though other factors have also
been considered (Scheme 1a) [1-4,23-25]. Huber and
co-workers have posed the question: “Is There a Single Ideal
Parameter for Halogen-Bonding Based Lewis Acidity?”, and
concluded that, for a set of monovalent iodine-based halogen-
bond donors, a linear combination of σ-hole and σ* energy
provides a superior predictive ability than σ-hole alone [26]. In
this work we compare a set of both monovalent and nominally
hypervalent halogen-bond donors in which the central halogen
atom is Cl, Br, I, and At. We have used density functional

theory (DFT) to uncover periodic trends in the orbitals used by
the central halogen atom in forming covalent and non-covalent
interactions and how this impacts the interatomic distance and
energy of halogen-bond interactions (Scheme 1c).

Results and Discussion
This study evolved from a parallel exploration of reactions in-
volving unsymmetrical phenyl(mesityl)halonium salts, i.e.,
Ph(Mes)X+. DFT analysis revealed similar structural trends to
our previous work [21] when we expanded the halogens to
include astatine (At). Due to its radioactivity and short half-life
it would be very challenging to synthesize astatine analogs of
diarylhalonium salts and almost no experimental data exists on
halogen bonding with astatine for comparison with DFT-gener-
ated data. However, the inclusion of molecules containing At in
this study provides an opportunity to expand the theoretical
framework describing the structure, bonding, and reactivity of
diarylhalonium compounds [27]. Although some relativistic
effects of astatine may not be sufficiently incorporated in calcu-
lations [28], others have shown in theoretical and limited exper-
imental studies that astatine does engage in halogen-bonding
interactions [29,30]. In this work, a series of halogen-bond
donor molecules and their halogen bond complexes with chlo-
ride anion were optimized at the M062x/6-311+G(d) level of
theory [31] with def2-tzvpp used for iodine and astatine, and
with SMD solvation in tetrahydrofuran (THF) incorporating
Huber, Truhlar, and Cramer’s correction for bromine and iodine
[32] using Gaussian 09 [33]. Our prior work on the orbital anal-
ysis of diarylhalonium salts [21], showed good agreement be-
tween crystal structure data and energy-minimized structures at
the B3LYP/cc-pvtz level with def2-qzvpp for iodine and
tellurium and in the gas phase. In our present work using M06-
2x/6-311+G(d) with def2-txvpp for iodine and astatine, we ob-
served excellent agreement in the correlation between orbitals
used on the halonium center and the C–X–C bond angle, i.e.,
molecular geometry, from our prior work (Scheme 2).

Given the similarities drawn between hypervalent and halogen
bonding [20], we considered the association of the diarylhalo-
nium cations 1–8 with chloride anion as well as the association
of the monovalent subunits 25–36 with chloride anion
(Scheme 3). We also considered the association of cationic
monovalent halogen-bond donors 37–40 with chloride as the
imidazolium iodide is a well-established core of halogen-bond-
ing catalysts [34,35] (Scheme 3). In general, we observed that
more exergonic association of the halogen-bond donors with
chloride were associated with closer X---Cl contacts
(Scheme 3). The monovalent halogen-bond donors of phenyl,
mesityl, and pentafluorophenyl derivatives 25–35 had ender-
gonic association with chloride (Scheme 3). Pentafluorophenyl
astitide (36) was the only neutral monovalent halogen-bond
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Scheme 2: Correlation of orbital character on halogen with C–X–C
bond angle for compounds 1–24; data from prior work is represented
by grey dots [21].

donor with an exergonic association with chloride
(ΔG = −5.0 kcal/mol). The X---Cl distance calculated for the
halogen-bonding complexes 41 and 45 of phenyl chloride (25)
and mesityl chloride (29) with chloride anion were 3.85 and
3.71 Å, respectively. These values are larger than the sum of the
van der Waals radii (3.5 Å) for two chlorine atoms [36] and
therefore unlikely to represent a substantial halogen-bonding
interaction. The hypervalent halogen-bond donors 1–8 had sub-
stantially more exergonic association with chloride than their
monovalent subunits. For instance, the association of chloride
with pentafluorophenyl bromide (34) was ΔG = 1.6 kcal/mol,
whereas the association of chloride with pentafluoro-
phenyl(mesityl)bromonium (6) was ΔG = −13.2 kcal/mol. The
overall charge on the halogen-bond donor also has an impact on

the energy of association. The association of chloride with the
diarylhalonium cations 1–8 had ΔG values that ranged from
−5.9 to −23.1 kcal/mol (see Supporting Information File 1 for
exact values). Likewise, the association of chloride with imida-
zolium halides 37–40 ranged from −3.7 to −14.3 kcal/mol,
which overlaps with the range observed for the diarylhalonium
cations.

Scheme 3: Correlation of ΔG for XB bond formation and X---Cl dis-
tance for compounds 9–24 (green dots), 41–48 (orange dots), 49–52
(yellow dots), and 53–56 (blue dots).

We delved deeper into the periodic trends related to the X---Cl
distance for halogen-bond complexes 9–24, 42–44, and 46–56;
representative examples are shown in Scheme 4. As a reference
we considered the trend in X–Cl covalent bond distance with
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Scheme 4: Correlation of X---Cl distance with van der Waals radii of X.

respect to the van der Waals radii of X [36], and we observed a
linear trend with a positive slope (Scheme 4b, grey dots). That
is the length of the X–Cl (57–60) covalent bond increases with
increasing van der Waals radii of X. Notably, this trend is also
replicated for ionic bonds of the halides with sodium; longer
ionic bond lengths are observed for larger halides [37]. On the
other hand, halogen-bond complexes that we studied here
revealed an opposite trend (Scheme 4b, orange, yellow, blue,
and green dots). The halogen-bond length decreased with in-
creasing van der Waals radii of X and the trend was more pro-

Scheme 5: Comparison of E(r) for XB complexes 9–12, 42–44, and
53–56.

nounced for monovalent halogen-bond donors. This is exempli-
fied by halogen-bond complexes of the pentafluorophenyl
halide series with chloride anion (Scheme 4c, 49–52). A similar
trend for decreasing bond length with increasing van der Waals
radii has also been observed for some [38], though not all [39],
series of chalcogen bonds. Generally, shorter bonds are stronger
and longer bonds are weaker, and the trend we observe here for
halogen bonding aligns with that rule of thumb (Scheme 3). The
conceptual frameworks underpinning covalent and ionic bonds
are orbital overlap and electrostatic attraction, respectively.
Therefore, if larger van der Waals radii are associated with
longer, weaker bonds where both these phenomena (orbital
overlap and electrostatics) are operative (covalent and ionic
bonds), our observations suggest a unique feature of halogen
bonding that relates to bond length. Pauli repulsion and disper-
sion are additional factors that have been included in defining
halogen bonds [25]. Smaller halogens that are less able to
disperse lone-pairs may have greater destabilizing repulsive
forces associated with them that ultimately lengthen the halogen
bond relative to those of larger halogens [22,40].

Further analysis of the XB complexes revealed additional
distinctions in the nature of the halogen bonds (Scheme 5). We
used Bader’s quantum theory of atoms in molecules (QTAIM)
[41] and assessed ρ(r), ∇2(r), and associated values. However,
to minimize complexity we elected to focus on the distance be-
tween the bond critical points (BCP) and the atomic centers
(available in Supporting Information File 1, Table S8) and the
electronic energy at the BCPs, E(r) (Scheme 5). On the bond-
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ing continuum positive values of E(r) are generally associated
non-covalent bonds and negative values of E(r) indicate increas-
ing covalency [42]. We observed a switch from positive E(r)
values for the lighter hypervalent phenyl(mesityl)haloniums 9
and 10 (X = Cl and Br) to negative E(r) values for the heavier
haloniums 11 and 12 (X = I and At, Scheme 5, green bars).
Uchiyama previously suggested that the diarylchloronium 9 has
a “breakdown of the hypervalent bond” [43], and our data
suggest that the interaction (halogen or hypervalent bond) be-
tween chloride anion and diarylchloronium cation 9 is non-
covalent and likely dominated by electrostatic attraction. A sim-
ilar switch from non-covalent halogen bond for the lighter
(X = Cl and Br) to partially covalent halogen bond for the
heavier (X = I and At) was also observed for the cationic imida-
zolium series of XB donors 53–56 (Scheme 5, blue bars). The
neutral monovalent XB donors 26–28 formed halogen-bonding
complexes 42–44 with non-covalent interactions in all cases,
even those with heavier halogen iodine and astatine (Scheme 5,
orange bars).

We turned our attention from periodic trends in XB length to
periodic trends in XB strength. The σ-bond oriented 180° rela-
tive to the halogen bond plays a central role in tuning the
halogen bond properties [1-4]. Indeed, it impacts the size of the
σ-hole (Vs,max), and the energy of the σ* orbital has been shown
be a key component of a predictive model for halogen-bond
strength [26]. However, a confounding, though rarely discussed,
factor for halogen-bond strength is the composition (s/p-char-
acter) of the orbital on the halogen atom that is engaged in the
σ-bond (Scheme 6a). We have previously shown that larger as-
sociation constants (Keq) were measured for hypervalent
halogen-bond donors with greater calculated p-character on the
halogen participating in the σ-bond opposite the hypervalent (or
halogen) bond; both Keq and p-character on X increased in the
order Cl < Br < I [21]. We conducted a similar analysis here in
which we plotted the percent p-orbital contribution on the XB
donor against ΔG determined by DFT (Scheme 6b). Although,
we found that this feature is a poor global predictor of ΔG, clear
periodic trends are observed when related groups of XB donors
are considered (Scheme 6b). When the halogen-bond donors are
clustered into hypervalent 1–8 (Scheme 6b, green dots), mono-
valent aryl 26–28 and 30–32 (Scheme 6b, orange dots), perfluo-
rophenyl 33–36 (Scheme 6b, yellow dots), and imidazolium
37–40 (Scheme 6b, blue dots) linear correlations with similar
slopes are observed for p-orbital character and ΔG (Scheme 6b).
Analysis in this way also provides an opportunity for compari-
son between these groups for the same halogen, that is a com-
parison between monovalent and hypervalent halogen-bond
donors, and neutral and cationic halogen-bond donors. First,
when the halogen is held constant it can be seen that the differ-
ent classes of halogen-bond donors (monovalent vs hyperva-

Scheme 6: Correlation of p-character and Vs,max on X of XB donor
with ΔG of XB bond.

lent) use similar orbital composition to form the σ-bond with
the aryl group (Scheme 6b). The percentage of p-character in
the σ-orbital for halogen-bond donors with X = Cl is ≈80-82%,
X = Br is ≈84–86%, X = I is ≈88–91%, and X = At is ≈92–94%.
Interestingly, monovalent halogen-bond donors use slightly
more p-orbital character to bond with the aryl group than their
hypervalent counterparts. For example, in phenyl iodide (27)
the iodine atom uses 88.97% p-character to bond with the phe-
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nyl group, whereas in phenyl(mesityl)iodonium cation (3) the
iodine atom uses 88.54% p-character to bond with the phenyl
group. Phenyl iodide (27) has three lone-pairs, whereas the phe-
nyl(mesityl)iodonium cation (3) has two lone-pairs (though it
does have another aryl group), and therefore this observation is
consistent with Bent’s rule in which lone-pairs are stabilized by
being in orbitals with more s-character [44]. An additional ob-
servation regarding the p-character directed at the aryl group by
the halogen center relates to the charge on the halogen-bond
donor. The halogen of the cationic imidazolium halogen-bond
donors 37–40 has the largest amount of p-orbital character in
bonding with the aryl group, this was followed by the perfluo-
rophenyl monovalent halogen bond donors 33–36, then mono-
valent aryl halogen-bond donors 26–28 and 30–32, and finally
hypervalent halogen-bond donors 1–8. This observation is also
consistent with Bent’s rule in which greater p-character is
directed toward more electronegative ligands [44].

We also consider a correlation between Vs,max of the halogen-
bond donor and ΔG of the halogen bond (Scheme 6c) [45]. Al-
though a modest linear correlation (R2 = 0.90) was observed
over all data points, in which XB donors with larger Vs,max
values also had more exergonic associations, we actually ob-
served two almost parallel clusters of data (Scheme 6c). In this
case, neutral XB donors 26–28, and 30–36 had Vs,max values
≈5–50 kcal/mol and a slope of −0.24 (Scheme 6c, light grey
dots), whereas cationic XB donors 1–8 and 37–40 had Vs,max
values ≈100–150 kcal/mol and a slope of −0.30 (Scheme 6c,
dark grey dots). So, the distinction in our data set regarding
Vs,max is not between monovalent and hypervalent halogen-
bond donors, but rather between neutral and cationic halogen-
bond donors. Three additional points regarding these data sets
warrant comment. First, within the neutral XB donors it is
perhaps not surprising that perfluoroaryl XB donors 32–36 had
substantially larger Vs,max values than their non-fluorinated
counter parts. Second, two data points are especially representa-
tive of the discontinuity in these data sets, the pentafluoro-
phenyl astitide XB donor 36 has a Vs,max = 49.8 kcal/mol and
ΔG = −5.0 kcal/mol, on the other hand cationic imidazolium
chloride XB donor 37 has a Vs,max = 94.0 kcal/mol (almost two
fold that of 36) yet has a ΔG = −3.7 kcal/mol (less than that of
36). Third, within the cationic XB donors the hypervalent halo-
niums 1–8 in which the positive charge is primarily located on
the halogen had larger Vs,max values than the imidazolium
halides 37–40 in which the positive charge is primarily delocal-
ized on the imidazolium ring.

We have developed a model for ΔG of the halogen bonds inves-
tigated in this work by merging the two concepts of p-orbital
character and Vs,max of the XB donor (Scheme 7). Although we
considered other characteristics of XB donors, including NPA

charges and Hirshfeld charges (available in Supporting Infor-
mation File 1, Table S5), the linear combination of p-character
(%) and σ-hole (Vs,max) provided the highest correlation based
on linear regression analysis of ΔGDFT vs ΔGcalc, wherein
ΔGcalc is obtained from Equation 1 [46].

(1)

Our model was developed with normalized parameters of
% p-orbital character and Vs,max and therefore a comparison of
the parameter coefficients reveals that Vs,max is a more domi-
nant term than % p-orbital character in predicting ΔG (Equa-
tion 1 and Scheme 7). However, the % p-character term is non-
negligible and demonstrates that this highly intuitive parameter
contributes to the prediction of ΔG for halogen bonding. It is
important to point out that this model is limited to the halogen-
bond donors studied here and their interaction with chloride
anion, although it is likely that prediction of ΔG with
Equation 1 for structurally similar halogen-bond donors would
be successful provided the parameters (% p-character and
Vs,max) are known. However, ΔG cannot be predicted for
halogen-bond acceptors other than chloride and a more general
predictive model should include parameters to describe the
Lewis basic halogen-bond acceptor.

Scheme 7: Model for ΔG based on Equation 1.

Conclusion
In this work, we have compared the characteristics of monova-
lent, hypervalent, neutral, and cationic XB donors and their XB
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complexes with chloride anion by DFT. The structural charac-
teristics of the diaryliodonium cations (XB donors) and
diaryliodonium chloride salts (XB complexes) are consistent
with our previous model that correlates s/p-orbital composition
and C–X–C bond angle. The XB complexes that we studied
generally follow the heuristic that stronger bonds are associated
with shorter bonds. We found, however, that unlike covalent
and ionic bonds, the halogen bonds studied decrease in length
with increasing van der Waals radii of the halogen, and we
suggest that this is possibly due to greater dispersive and lesser
repulsive forces for larger halogens. This finding may prove
useful in catalyst design where close spatial proximity of the
substrate to other important structural information (i.e.,
chirality) has an impact on selectivity. Our analysis of selected
XB complexes by QTAIM revealed that for cationic XB donors
of the lighter halogens (X = Cl and Br) have non-covalent
halogen bonds and those of the heavier halogens (X = I and At)
have partially covalent halogen bonds. Clustered analysis of the
XB donor parameters % p-orbital character and σ-hole poten-
tial (Vs,max) showed linear correlations with ΔGDFT of the
halogen bond. The linear combination of the normalized param-
eters (% p-orbital character and Vs,max) provides a model to
calculate ΔG of the halogen bond.
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Abstract
Although hypervalent iodine(III) reagents have become staples in organic chemistry, the exploration of their isoelectronic counter-
parts, namely hypervalent bromine(III) and chlorine(III) reagents, has been relatively limited, partly due to challenges in synthe-
sizing and stabilizing these compounds. In this study, we conduct a thorough examination of both homolytic and heterolytic bond
dissociation energies (BDEs) critical for assessing the chemical stability and functional group transfer capability of cyclic hyperva-
lent halogen compounds using density functional theory (DFT) analysis. A moderate linear correlation was observed between the
homolytic BDEs across different halogen centers, while a strong linear correlation was noted among the heterolytic BDEs across
these centers. Furthermore, we developed a predictive model for both homolytic and heterolytic BDEs of cyclic hypervalent
halogen compounds using machine learning algorithms. The results of this study could aid in estimating the chemical stability and
functional group transfer capabilities of hypervalent bromine(III) and chlorine(III) reagents, thereby facilitating their development.

1444

Introduction
Hypervalent iodine reagents are increasingly gaining attention
in the fields of organic synthesis and catalysis due to their envi-
ronmental benefits, accessibility, and cost-efficiency [1-11].

Over the last three decades, a series of cyclic hypervalent
iodine(III) reagents has been developed [12-17] (Figure 1), in-
cluding the well-known Zhdankin reagents [13] and Togni
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Figure 1: Examples of cyclic hypervalent halogen reagents.

reagents [14]. These reagents are popularly used as electrophil-
ic group transfer reagents [18,19] in a variety of reactions, such
as C–H functionalization [20-22], unsaturated alkane addition
[23,24], and cyclization [25,26].

Despite the rapid development of hypervalent iodine(III)
reagents, the exploration of isoelectronic hypervalent
bromine(III) and chlorine(III) reagents has been comparatively
limited despite their demonstrated potential for unique applica-
tions [27-30]. For example, hypervalent bromine(III) reagents
enable C–H amination and alkene aziridination reactions with-
out the need for additional Lewis acid activation [31-33]. How-
ever, challenges in the synthesis and stabilization of cyclic
hypervalent bromine and chlorine reagents have impeded their
development relative to their iodine(III) analogs [27-30]. Cyclic
hypervalent bromine(III) reagents were pioneered by Miyamoto
[32] and have since been developed to a certain extent [33].
Biphenyl hypervalent bromine(III) reagents [34-39] have been
synthesized by Yoshida and Wencel-Delord (Figure 1). Cyclic
hypervalent chlorine(III) reagents with similar skeletal struc-
tures have not been reported yet, and only biphenyl hypervalent
chlorine(III) reagents [40-42] and cyclic diaryliodonium salts
[43] have been synthesized.

Previous investigations [44-47] have highlighted the critical
role of bond dissociation energy (BDE) in understanding the
group transfer capabilities and chemical stability of hypervalent
iodine(III) reagents. In this context, detailed knowledge of the
BDE of hypervalent bromine(III) and chlorine(III) reagents is
especially crucial for designing novel reagents. Yet, the BDE
values of hypervalent bromine(III) and chlorine(III) reagents
remain largely elusive, hampering the design and synthesis of
novel reagents.

In recent years, machine learning has emerged as a promising
and cost-effective alternative to traditional DFT calculations for
predicting key properties of organic molecules such as BDE,
nucleophilicity, and electrophilicity [48-60]. Recently, applica-
tions of the Elastic Net model with Avalon fingerprints [55] and
the deployment of artificial neural network (ANN) models [57]
with the Mordred cheminformatics package have demonstrated
considerable success in predicting the BDEs of hypervalent
iodine(III) reagents. However, previous studies have been
limited to the prediction of hypervalent iodine(III) reagents.
Driven by their proven effectiveness and our ongoing interest in
hypervalent halogen chemistry [61-72], we are motivated to
develop a machine learning model for a broader array of cyclic
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Figure 2: Common cyclic hypervalent halogen skeletons and transfer groups.

hypervalent halogen reagents, thereby integrating different
halogen centers and making it easier to predict the group
transfer capacity and chemical stability of different cyclic
hypervalent halogen reagents.

Results and Discussion
We selected five different skeletons and twenty common
transfer groups for combination (Figure 2) and calculated their
BDEs. Referring to the previous computational studies of
hypervalent iodine [61-76] and the computational database of
organic species by Paton and co-workers [77], geometry optimi-
zations and single point energy calculations for homolytic
BDEs are both performed using M06-2X/def2-TZVPP [78-80]
in the gas phase at 298.15 K by Gaussian 16 [81]. Frequency
calculations confirmed that optimized structures are minima (no
imaginary frequency). The accuracy of computational BDEs of
halides using M06-2X/def2-TZVPP is also evaluated and com-
pared to experimental BDEs, demonstrating the reliability of the
method (see Supporting Information File 1).

The computational homolytic BDEs are presented in Table 1.
From the perspective of halogen centers, hypervalent iodine(III)
reagents exhibit the highest homolytic BDEs, followed by
hypervalent bromine(III) reagents, while hypervalent
chlorine(III) reagents have the lowest. Generally, the homolytic
BDEs of cyclic hypervalent iodine(III) reagents are above
30.0 kcal/mol, consistent with their good chemical stability. The
homolytic BDEs of some cyclic hypervalent bromine(III) and
most cyclic hypervalent chlorine(III) reagents are below
20 kcal/mol, implying these reagents should be too reactive to
be isolated. From the perspective of transfer groups, the
homolytic BDEs of groups with strong trans effects [82-84]
such as -F, -CCH, -CN, -OCF3, -OTf, -OTs are elevated, while
those of -N3, -NH2, -SCF3, etc. are smaller. These results are
consistent with our previous studies on the group transfer ability
of hypervalent iodine(III) reagents [44]. According to the calcu-
lation results, skeleton 5 may be a better candidate for synthe-
sizing cyclic hypervalent bromine(III) and chlorine(III)
reagents. The groups with strong trans effects, such as -F,

-CCH, -CN, -OTf, can help stabilize cyclic hypervalent
bromine(III) and chlorine(III) reagents.

In addition, we also calculated the heterolytic BDEs of cyclic
hypervalent halogen reagents [46,47] to comprehensively exam-
ine the strength of chemical bonds (Table 2). Geometry optimi-
zations and single point energy calculations for heterolytic
BDEs are performed using M06-2X/def2-TZVPP in the SMD
(acetonitrile) Implicit solvent model at 298.15 K. Due to the
instability of some transfer group cations, such as +OCH3,
+OCF3, +OCOCF3, +OCOPh, +OTf and +SCF3, it is difficult for
us to investigate their heterolytic BDEs. From Table 2, it can be
seen that, except for CF3 and CHCH2, all other transfer groups
exhibit high heterolytic BDEs with hypervalent halogen centers.

To elucidate the relationships between halogen centers and their
corresponding homolytic BDEs, the homolytic BDEs of cyclic
hypervalent halogen reagents were plotted against those of
reagents with different halogen centers, giving moderate linear
relationships (Figure 3a). For heterolytic BDEs, we found a
strong linear relationship between different halogen centers, as
illustrated in Figure 3b. This indicates that based on any kind of
cyclic hypervalent halogen reagents, we can obtain a rough esti-
mation of the BDEs for others with different halogen centers.

With these homolytic and heterolytic BDEs in hand, we next
attempted to develop a predictive model for BDEs of hyperva-
lent halogen compounds using machine learning algorithms.
Graph attention network (GAT) [85] embeds local chemical
environment information into the graph network by taking
atomic information as node inputs, thus achieving higher
predictive capabilities [86]. Building upon the computational
studies, we constructed two compound datasets separately,
consisting of 296 homolytic BDE data points and 209
heterolytic BDE data points. Taking homolytic BDE datasets as
an example (Figure 4a), the distribution of this dataset is illus-
trated with key bond energy values normalized using min–max
scaling. This approach ensures both data consistency and im-
proves training efficiency.
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Table 1: Computational homolytic BDEs (kcal/mol) of cyclic hypervalent halogen reagents.

1-X 2-X 3-X 4-X 5-X

R X =
I

X =
Br

X =
Cl

X =
I

X =
Br

X =
Cl

X =
I

X =
Br

X =
Cl

X =
I

X =
Br

X =
Cl

X =
I

X =
Br

X =
Cl

a F 78.6 50.5 30.5 81.9 56.6 35.5 80.8 54.3 33.3 80.6 61.4 29.4 84.0 62.0 42.9
b Cl 55.3 29.4 10.1 58.1 35.6 14.0 57.4 33.1 12.1 57.1 40.9 10.7 60.1 40.3 21.3
c Br 44.7 19.8 0.2 47.3 24.9 4.3 46.7 23.0 2.4 46.5 31.2 2.0 49.3 30.2 11.4
d CH3 33.2 13.4 −0.3 42.4 28.7 16.5 42.8 29.6 20.0 49.1 49.3 40.0 39.9 28.9 22.2
e CF3 33.5 13.5 −0.8 39.0 24.5 11.8 38.5 23.6 12.5 41.2 39.0 25.1 37.2 24.5 12.6
f CHCH2 40.4 21.4 8.7 49.6 36.5 25.8 49.6 36.8 28.1 56.0 58.2 47.1 46.8 36.1 27.0
g CCH 66.1 42.0 24.5 73.1 53.9 38.2 72.6 53.0 39.2 76.3 68.5 48.5 71.1 53.8 39.0
h CN 68.8 43.6 24.2 72.6 51.6 33.4 71.6 49.7 32.7 72.8 61.6 37.9 71.9 53.0 34.8
i N3 32.1 7.6 −11.2 35.8 14.6 −4.5 34.8 12.3 −6.3 36.3 23.3 −4.8 36.5 17.9 0.1
j NH2 37.7 12.6 −4.3 45.5 25.1 9.6 45.0 24.1 8.3 49.4 40.2 16.7 44.5 27.5 11.7
k NHAc 47.6 22.0 2.6 53.4 31.6 13.0 52.7 30.0 12.2 55.8 43.4 18.8 53.0 33.7 15.7
l OH 53.0 26.4 6.5 58.7 35.7 15.9 57.7 33.5 14.1 60.1 44.9 16.3 58.7 38.3 19.5
m OCH3 40.7 15.3 −3.5 46.2 24.6 6.1 45.2 22.4 4.3 47.9 34.5 7.7 46.2 26.9 9.1
n OCF3 62.9 37.0 18.4 64.4 40.5 19.8 63.5 38.1 17.4 62.7 45.0 13.3 67.0 46.6 28.6
o OCOCH3 54.6 27.4 7.5 58.1 33.7 12.3 57.5 31.1 9.9 57.6 39.3 8.6 59.1 37.1 17.4
p OCOCF3 62.3 36.1 17.4 63.5 39.0 18.0 62.7 36.7 15.8 61.2 43.4 11.3 65.9 45.1 27.0
q OCOPh 55.8 28.5 8.7 58.9 33.8 12.4 58.4 31.8 10.4 58.4 40.5 9.0 60.1 38.0 19.1
r OTf 66.3 41.9 25.8 65.1 41.3 21.3 64.3 39.0 18.7 62.0 43.6 11.1 69.8 50.8 35.4
s OTs 61.8 36.5 18.4 62.4 38.4 18.3 62.3 36.2 15.5 61.0 43.0 12.9 65.8 45.8 28.9
t SCF3 40.1 16.1 −3.1 44.6 23.3 4.0 43.2 21.6 3.0 44.9 33.7 14.0 44.2 26.2 7.9

Table 2: Computational heterolytic BDEs (kcal/mol) of cyclic hypervalent halogen reagents.

1-X 2-X 3-X 4-X 5-X

R X =
I

X =
Br

X =
Cl

X =
I

X =
Br

X =
Cl

X =
I

X =
Br

X =
Cl

X =
I

X =
Br

X =
Cl

X =
I

X =
Br

X =
Cl

a F 375.2 346.9 327.5 354.4 322.1 301.1 345.0 309.7 290.0 324.1 286.4 263.3 353.0 321.5 303.1
b Cl 239.5 214.1 195.2 217.7 188.5 166.9 208.4 176.3 156.5 187.6 154.8 134.6 216.4 188.0 170.2
c Br 212.7 188.4 169.0 190.8 163.3 142.0 181.6 151.3 131.9 160.7 130.9 111.9 189.5 162.2 143.8
d CH3 83.8 66.1 55.6 74.0 57.4 47.9 67.9 51.4 47.8 58.6 44.5 43.0 66.2 48.7 43.4
e CF3 77.5 56.5 42.1 61.7 40.4 29.3 53.7 30.9 24.2 37.8 19.8 18.9 55.2 32.0 20.9
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Table 2: Computational heterolytic BDEs (kcal/mol) of cyclic hypervalent halogen reagents. (continued)

f CHCH2 71.2 54.2 43.9 60.3 44.9 37.7 54.2 38.4 34.9 44.0 28.8 29.3 53.0 35.9 30.7
g CCH 231.7 207.2 189.8 216.5 192.5 178.7 208.7 183.3 174.1 194.4 171.4 163.5 210.1 183.8 171.0
h CN 254.7 227.8 207.7 235.6 206.1 189.3 226.6 194.4 181.2 207.8 177.1 166.7 231.0 200.5 181.2
i N3 159.6 134.1 115.4 139.5 111.3 92.2 130.4 99.5 83.4 111.6 81.9 68.2 136.6 107.7 89.5
j NH2 145.5 121.4 103.8 133.0 108.4 94.0 124.9 99.2 89.9 111.7 87.7 79.7 125.5 99.9 86.9
k NHAc 113.6 87.8 68.3 97.6 71.5 55.2 89.3 61.4 49.0 73.5 47.9 37.6 92.2 64.2 47.2
l OH 244.1 217.6 197.1 227.3 199.1 179.6 218.4 187.7 170.9 200.9 170.3 154.0 222.9 193.6 174.0
m OCH3 – – – – – – – – – – – – – – –
n OCF3 – – – – – – – – – – – – – – –
o OCOCH3 149.1 122.7 102.9 128.7 100.4 78.1 119.6 87.4 67.7 99.4 67.8 47.0 127.0 97.5 77.2
p OCOCF3 – – – – – – – – – – – – – – –
q OCOPh – – – – – – – – – – – – – – –
r OTf – – – – – – – – – – – – – – –
s OTs 104.8 79.7 62.4 80.2 50.0 29.1 70.9 37.0 18.5 47.8 13.2 -7.6 / 52.5 37.9
t SCF3 – – – – – – – – – – – – – – –

Figure 3: a) Linear dependence between the homolytic BDEs of cyclic hypervalent halogen reagents; b) linear dependence between the heterolytic
BDEs of cyclic hypervalent halogen reagents.

We used the GAT model as the core framework, incorporating
ten selected atomic descriptors as local information within the
graph structure. Effective molecular transformations into mo-
lecular graphs (Figure 4b) were achieved using the RDKit and
Deep Graph Library [87]. The dataset was randomly divided
into training and testing sets in a 9:1 ratio. Notably, our analy-

sis of descriptor testing revealed that individual inputs, such as
neighboring atomic information, atomic charge, and atomic
species, did not yield satisfactory results. However, combining
all three inputs resulted in highly effective predictions
(Figure 4c, see Supporting Information File 1 for detail). The
R2, MAE, and RMSE metrics exhibited outstanding perfor-
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Figure 4: a) Composition and distribution of homolytic BDE dataset; b) graph attention network (GAT) model architecture and workflow; c) compari-
son of prediction performance on the training set using different descriptors (see more details in Supporting Information File 1); d) prediction perfor-
mance for homolytic BDEs on the test set; e) prediction performance for heterolytic BDEs on the test set.

mance. The final predictive results yielded excellent perfor-
mance with an R2 value of 0.955 for homolytic BDEs
(Figure 4d) and an R2 value of 0.974 for heterolytic BDEs
(Figure 4e). Furthermore, we achieved superior predictive
results by not distinguishing between halogen categories in the
dataset. This approach is reliable and efficient in assisting
chemists in estimating the bond energy ranges of novel cyclic
hypervalent halogen reagents.

We conducted additional tests with cyclic hypervalent halogen
reagents beyond the training set, employing linear dependence

equations and the GAT model for predictions (Table 3).
The comparison of the two methods reveals that the GAT
model is more reliable, as indicated by the lower root mean
square error (RMSE). Moreover, the linear dependence method
requires the BDEs of known cyclic hypervalent iodine(III)
reagents to deduce the BDEs of the cyclic hypervalent
bromine(III) and chlorine(III) reagents. In contrast, the
GAT model is more straightforward, relying solely on
structural information. Therefore, the GAT model is a superior
method to predict the BDEs of cyclic hypervalent halogen
reagents.
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Table 3: Predictional BDEs of cyclic hypervalent halogen reagents.

homolytic BDEs heterolytic BDEs

methods 6-X-F 1-X-CF2SO2Ph RMSE methods 6-X-F 1-X-CF2SO2Ph RMSE
X = I X = Br X = Cl X = I X = Br X = Cl X = I X = Br X = Cl X = I X = Br X = Cl

DFTa 68.3 44.1 26.2 32.6 10 −6.2 – DFTb 367.4 342.7 328.8 79.9 57.6 41.7 –
LEc – 47 26.1 – 15.2 −1.2 3.9 LEd – 332.2 308.6 – 56.2 44.1 11.4
MLe 72.7 45.2 27.2 38.1 13.3 −4.5 3.3 MLe 375.8 336.8 329.1 86.3 56.6 48.9 5.7

aDFT calculations: M06-2X/def2-TZVPP in gas phase; bDFT calculations: M06-2X/def2-TZVPP in SMD (acetonitrile); clinear dependence equations:
these predicted BDEs for hypervalent bromine and hypervalent chlorine are obtained by inserting the calculated hypervalent iodine BDEs into the
linear dependence equations: y = 0.89x−13.85 and y = 0.76x−26.02; dlinear dependence equations: y = 0.96x−20.50 and y = 0.92x−29.39; emachine
learning.

Conclusion
We have undertaken an extensive computational investigation
into the BDEs of cyclic hypervalent halogen reagents. Lever-
aging this dataset, we have developed a predictive model for
both homolytic and heterolytic BDEs of hypervalent halogen
compounds employing a graph attention network. We antici-
pate that the findings from our research will aid the design and
development of new hypervalent bromine(III) and chlorine(III)
reagents, an area that remains largely underexplored.

Supporting Information
Supporting Information File 1
Machine learning details and calculation data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-127-S1.pdf]
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Abstract
A series of 4-thio/seleno-cyanated pyrazoles was conveniently synthesized from 4-unsubstituted pyrazoles using NH4SCN/KSeCN
as thio/selenocyanogen sources and PhICl2 as the hypervalent iodine oxidant. This metal-free approach was postulated to involve
the in situ generation of reactive thio/selenocyanogen chloride (Cl–SCN/SeCN) from the reaction of PhICl2 and NH4SCN/KSeCN,
followed by an electrophilic thio/selenocyanation of the pyrazole skeleton.

1453

Introduction
Pyrazoles and their derivatives are an important class of five-
membered heterocyclic compounds [1-5] that have drawn in-
creasing attention from organic chemists, due to their potential
biological and pharmaceutical properties including anti-inflam-
matory [6], antiviral [7], antibacterial [8], antifungal [9], cyto-
toxic [10], antioxidant [11], and analgesic [12] activities. For
instance, celecoxib (I, Figure 1) (for treating rheumatoid
arthritis and osteoarthritis), tepoxalin (II, Figure 1) (a veteri-
nary painkiller used to relieve pain from muscle and bone
diseases), dimetilan (III, Figure 1) (demonstrating excellent

insecticidal effects) [13-15] all possess a pyrazole framework in
their respective chemical structure. Considering the pharmaceu-
tical significance of pyrazole compounds, there has been
growing interest in the development of efficient strategies for
accessing functionalized pyrazole derivatives.

Thio/selenocyano groups are widely existing in the core struc-
tural motifs of various natural products and pharmaceutical
agents [16-20]. Many S/SeCN-containing bioactive small mole-
cules have been proved to possess wide-ranging biological ac-

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Figure 1: Representative pyrazoles with pharmacological activities and S/Se-containing pharmaceutical molecules.

tivities. Specifically, representative examples include fasicu-
larin (IV, Figure 1), which possesses cytotoxic properties [21]
and psammaplin B (V, Figure 1), which shows antimicrobial
and mild tyrosine kinase inhibition activities [22]. In addition,
Se-aspirin (VI, Figure 1) has been used as an effective anti-
inflammatory pharmaceutical [23]. On the other hand, organic
thiocyanates usually serve as useful synthetic intermediates that
can be conveniently converted to sulfur-containing derivatives
including sulfides [24], disulfides [25], thiocarbamates [26], and
trifluoromethyl thioethers [27]. Likewise, selenocyanates can be
used as versatile precursors for the synthesis of a variety of
selenium-containing compounds [28-32].

As the S/SeCN-containing organic compounds play an impor-
tant role in organic and medicinal chemistry, organic chemists
have devoted a great deal of efforts to developing efficient thio/
selenocyanation approaches [33-41]. Specifically, a plethora of
synthetic strategies have been reported for the thiocyanation of
heteroaromatic compounds including arenes, indoles,
carbazoles, pyrroles, and imidazopyridines [42-45]. However,
the electrophilic thiocyanation of biologically important pyra-
zoles has been less explored [46-48]. Among them, the majority
of the reported methods proceed through a radical pathway,
with the SCN radical generated by the reaction of the thio-
cyanate source with a corresponding oxidant (Scheme 1a–c)
[49]. For example, Xu reported that a series of 4-thiocyanated
5-hydroxy-1H-pyrazoles was synthesized by a K2S2O8-
promoted direct thiocyanation of pyrazolin-5-ones at room tem-

perature, using NH4SCN as thiocyanogen source (Scheme 1a)
[20]. Similarly, utilizing NH4SCN and K2S2O8, Yotphan and
colleagues realized a direct thiocyanation of N-substituted pyra-
zolones under metal-free conditions [49]. Besides, Choudhury
and co-workers developed an additive and metal-free methodol-
ogy for the C–H thiocyanation of aminopyrazoles, using H2O2
as a benign oxidizing agent (Scheme 1b) [41]. Pan presented a
method for the C–H thiocyanation of pyrazoles by using a sus-
tainable catalyst of graphite-phase carbon nitride (g-C3N4)
under visible light irradiation (Scheme 1c) [2]. Furthermore,
Yao harnessed an electrochemical approach to form the electro-
philic SCN+ intermediate, which reacted with pyrazoles to give
the corresponding thiocyanated pyrazoles (Scheme 1d) [50].
However, to our knowledge, there are only few reports on the
electrophilic selenocyanation of heterocycles [51-53] including
the biologically important pyrazoles. In this regard, it should be
highly desirable to develop an efficient method for a smooth
selenocyanation of pyrazole compounds.

Results and Discussion
In our previous work we reported that a regioselective C-5 thio-
cyanation of the 2-pyridone skeleton could be realized via a
PhICl2-mediated electrophilic thiocyanation approach [54].
Inspired by this previous work, we were interested at investigat-
ing whether a direct C-4 selenocyanation as well as a thiocyana-
tion of the pyrazole skeleton could be realized using the same
protocol. At the outset of the study, 3,5-dimethyl-1-phenyl-1H-
pyrazole (1a, 1 equiv) was chosen as the model substrate to
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Scheme 1: Approaches for thio/selenocyanation of the pyrazole skeleton.

react with NH4SCN (1 equiv) and PhICl2 (1 equiv) in THF at
0 °C under N2 atmosphere. To our delight, the desired thio-
cyanated product 2a was obtained in 68% yield (Table 1, entry
1). Encouraged by this result, we proceeded to investigate the
other parameters that would possibly affect the efficiency of the
reaction. First, upon a comparison of different reaction tempera-
tures, we found that the reaction operated at 0 °C gave the best
result (Table 1, entries 1–3). Then, other SCN-containing inor-
ganic salts including KSCN, AgSCN, and CuSCN were
screened, and the results showed that none of them gave better
results than NH4SCN (Table 1, entries 4–6). Next, other
oxidants including phenyliodine(III) diacetate (PIDA),
phenyliodine(III) bis(trifluoroacetate) (PIFA), iodosobenzene
(PhIO), and NCS were applied, and the results indicated that
PhICl2 was the most effective oxidant (Table 1, entries 7–10).
Later on, when the dosage of PhICl2 and NH4SCN was in-
creased to 2.0 equivalents, the yield of product 2a significantly
increased to 82% (Table 1, entry 11). However, when the
loading of PhICl2 and NH4SCN were further increased to
3.0 equivalents, the reaction did not afford a better outcome
(Table 1, entry 12). Furthermore, solvent screening showed that
toluene was the most appropriate solvent, while the reaction led
to a much lower yield when DMF, MeOH, MeCN, or DCM
were used as solvents (Table 1, entries 13–17). On the basis of
the above experimental results, the optimized conditions for the

thiocyanation of the model substrate were concluded to be:
2.0 equivalents of PhICl2 and NH4SCN in toluene at 0 °C,
under N2 atmosphere (Table 1, entry 17).

With the optimized reaction conditions in hand, the substrate
scope of this thiocyanation approach was next investigated
(Scheme 2). The results showed that the newly established
PhICl2/NH4SCN protocol was suitable for a wide range of sub-
strates. Specifically, when N-aryl substrates containing electron-
donating groups (-Me, -OMe) were subjected to the standard
reaction conditions, the corresponding products 2b–e were ob-
tained in good yields (80–91%). It was found that there was no
significant influence on the outcome of the reactions of various
N-aryl-substituted pyrazoles with a methyl group at the ortho-,
meta- or para- positions of the phenyl group. Next, N-arylated
substrates bearing electron-withdrawing groups (-F, -Cl, -Br, -I,
-CF3, -NO2) were tested, and the desired products 2f–k were
conveniently obtained in moderate to good yields. Notably, the
reaction of the substrate bearing a -CF3 group afforded the cor-
responding product 2j in 93% yield. However, the substrate
possessing a -NO2 substituent gave an inferior yield of the prod-
uct 2k. Then, we proceeded to investigate the effects of differ-
ent substituents R2 and R3. When the methyl substituent (R2)
was replaced with an aryl group, the corresponding thio-
cyanated products 2l–o could be obtained in acceptable to mod-
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Table 1: Optimization of oxidative thiocyanation of pyrazole.a

Entry Oxidant (equiv) [SCN] (equiv) Solvent T (°C) Yield (%)b

1 PhICl2 (1.0) NH4SCN (1.0) THF 0 68
2 PhICl2 (1.0) NH4SCN (1.0) THF 25 43
3 PhICl2 (1.0) NH4SCN (1.0) THF 40 40
4 PhICl2 (1.0) KSCN (1.0) THF 0 10
5 PhICl2 (1.0) AgSCN (1.0) THF 0 15
6 PhICl2 (1.0) CuSCN (1.0) THF 0 12
7 PIDA (1.0) NH4SCN (1.0) THF 0 NRc

8 PIFA (1.0) NH4SCN (1.0) THF 0 NR
9 PhIO (1.0) NH4SCN (1.0) THF 0 NR
10 NCS (1.0) NH4SCN (1.0) THF 0 NDd

11 PhICl2 (2.0) NH4SCN (2.0) THF 0 82
12 PhICl2 (3.0) NH4SCN (3.0) THF 0 80
13 PhICl2 (2.0) NH4SCN (2.0) DMF 0 NR
14 PhICl2 (2.0) NH4SCN (2.0) MeOH 0 10
15 PhICl2 (2.0) NH4SCN (2.0) MeCN 0 58
16 PhICl2 (2.0) NH4SCN (2.0) DCM 0 55
17 PhICl2 (2.0) NH4SCN (2.0) toluene 0 91

aReaction conditions: under N2 atmosphere, a mixture of oxidant and [SCN] in solvent (2 mL) was stirred at 0 °C for 0.5 h, then 1a (0.20 mmol) was
added, and stirring continued at 0 °C for 8 h. bYield of the isolated product. cNR = no reaction. dND = no desired product.

erate yields. On the other hand, the method was equally applic-
able to the substrate bearing two aryl substituents (R2 and R3),
albeit the reaction afforded product 2n in a much lower yield,
possibly caused by steric congestion. In addition, when the aryl
substituent of R1 was replaced with a tert-butyl group, this
method also worked well to give product 2o in moderate yield.
Notably, when the C3 and C5-unsubstituted substrate 1p was
subjected to the standard conditions, the 4-thiocyanated prod-
uct 2p was obtained regioselectively in 87% yield. Strikingly,
the thiocyanation of the pharmaceutically active compound
edaravone could also be realized under the optimized condi-
tions, affording the corresponding product 2q in good yield.

Furthermore, we turned our attention to the applicability of this
protocol for the selenocyanation of the pyrazole skeleton
(Scheme 3). Gratifyingly, the method was equally applicable to
selenocyanation of pyrazoles bearing various substituents, with
the corresponding selenocyanated products 3a–o achieved in

acceptable to good yields. Similarly, the selenocyanation of C3-
and C5-unsubstituted substrate 1p regioselectively furnished the
4-selenocyanated pyrazole 3p in good yield.

The utility of this approach was further demonstrated by a
scale-up experiment. When 10.0 mmol of compound 1a were
treated with 20.0 mmol of NH4SCN/KSeCN and PhICl2 under
the standard reaction conditions, the desired products 2a and 3a
were obtained in 88% and 80% yield, respectively (Scheme 4).

The obtained 4-thio/selenocyanated pyrazoles could be further
derivatized by known approaches. Specifically, products 2a and
3a could react with TMSCF3 in the presence of Cs2CO3 [55] to
give the corresponding SCF3- and SeCF3-containing com-
pounds 2r and 3q in moderate yields. Moreover, products 2a
and 3a could be conveniently transformed into thiomethyl and
selenomethyl-substituted pyrazole derivatives 2s and 3r by
treatment with CH3MgBr in THF [56] (Scheme 4).
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Scheme 2: PhICl2/NH4SCN-mediated thiocyanation of pyrazoles. Reaction conditions: under N2 atmosphere, a mixture of PhICl2 (2.00 mmol) and
NH4SCN (2.00 mmol) in toluene (5 mL) was stirred at 0 °C for 0.5 h, then 1a (1.00 mmol) was added and stirring continued at 0 °C for 8 h. Isolated
yields are given.

Based on the previous reports [54,57-59], a possible mecha-
nism of this selenocyanation reaction was proposed (Scheme 5).
First, the reaction of PhICl2 with KSeCN produces seleno-
cyanogen chloride (Cl–SeCN), which further reacts with seleno-
cyanate to give (SeCN)2 [60]. Then, one selenium atom of
(SeCN)2 nucleophilically attacks the iodine center in PhICl2 to
generate intermediate A, which was further transformed into
intermediate B by release of one molecule of iodobenzene.
Next, the nucleophilic attack of chloride anion to the bivalent
selenium center of intermediate B resulted in the formation of
two molecules of Cl–SeCN. Subsequently, Cl–SeCN under-

goes an electrophilic addition reaction with pyrazole 1 to give
intermediate C, which, after deprotonative rearomatization
affords the 4-selenocyanated pyrazole 3.

Conclusion
In conclusion, we have accomplished the synthesis of a series of
C-4 thio/selenocyanated pyrazoles via a hypervalent iodine-
mediated electrophilic thio/selenocyanation approach under
mild reaction conditions. Furthermore, the obtained S/SeCN-
containing pyrazoles can be converted to S/SeCF3- and
S/SeMe-containing pyrazole derivatives. Further investigations
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Scheme 3: PhICl2/KSeCN-mediated selenocyanation of pyrazoles. Reaction conditions: under N2 atmosphere, a mixture of PhICl2 (2.00 mmol) and
KSeCN (2.00 mmol) in toluene (5 mL) was stirred at 0 °C for 0.5 h, then 1a (1.00 mmol) was added and stirring continued at 0 °C for 8 h. Isolated
yields are given.

Scheme 4: Gram-scale synthesis of compounds 2a and 3a and their derivatization.
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Scheme 5: Plausible reaction mechanism.

of the synthetic utility of this approach are currently ongoing in
our lab.
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Abstract
We herein report the oxidative α-azidation of carbonyl compounds by using NaN3 in the presence of dibenzoyl peroxide catalyzed
by tetrabutylammonium iodide (TBAI). By utilizing these readily available bulk chemicals a variety of cyclic β-ketocarbonyl deriv-
atives can be efficiently α-azidated under operationally simple conditions. Control experiments support a mechanistic scenario in-
volving in situ formation of an ammonium hypoiodite species which first facilitates the α-iodination of the pronucleophile, fol-
lowed by a phase-transfer-catalyzed nucleophilic substitution by the azide. Furthermore, we also show that an analogous α-nitra-
tion by using NaNO2 under otherwise identical conditions is possible as well.

1510

Introduction
Organic compounds containing an azide functionality are highly
valuable synthesis targets that offer considerable potential for
various applications and further manipulations [1-14]. For ex-
ample, such molecules can be utilized to access free amines
[3,13] and undergo Staudinger-type ligations [14]. Furthermore,
they can be very efficiently employed for triazole-forming 1,3-
dipolar cycloadditions with alkynes (“click-chemistry”) [9-12].
As a consequence, the synthesis of organic azides is an impor-
tant task and it comes as no surprise that a variety of conceptu-
ally complementary strategies to install azide groups in organic

molecules have been reported [1-8]. α-Azido carbonyl deriva-
tives are especially interesting targets which can be accessed by
different approaches [6-8]. Maybe the most classical way to
access organic azides is based on the utilization of pre-functio-
nalized starting materials where a suited leaving group under-
goes substitution using nucleophilic azide sources such as NaN3
or TMSN3 [6,7,15]. In addition, the recent years have seen
remarkable progress in utilizing electrophilic azide-transfer
reagents, i.e., hypervalent iodine-based compounds, for (asym-
metric) α-azidations [16-23]. Besides these valuable ap-
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proaches, which either require appropriate pre-functionaliza-
tion of the starting materials (nucleophilic approach), or rely on
more advanced N3-transfer agents (electrophilic approach), over
the course of the last years also α-azidations of enolate-type pre-
cursors using nucleophilic azide sources under oxidative condi-
tions have been introduced very successfully [24-31]. Such oxi-
dative coupling strategies of two inherently nucleophilic species
allow for the direct utilization of simple starting materials in an
efficient manner and especially the use of quaternary ammoni-
um iodides as redox active catalysts has emerged as a powerful
catalysis concept for such transformations [32-36]. These oxida-
tive approaches, which usually proceed via the in situ forma-
tion of catalytically-competent ammonium hypoiodite species,
can normally be carried out under operationally simple condi-
tions, thus allowing for the use of easily accessible starting ma-
terials. Our group has a longstanding research interest in
α-heterofunctionalization reactions under oxidative conditions
[37-39] and we [30], as well as others [28,29,31], have recently
also explored the use of simple quaternary ammonium iodides
for  oxidat ive α-azidat ions of  carbonyl  compounds
(Scheme 1A). Hereby different strategies using different quater-
nary ammonium iodide derivatives and different azide sources
were investigated and especially Uyanik’s and Ishihara’s recent
approach using NaN3 in combination with the carefully de-
signed achiral catalyst C1 represents a remarkable advance-
ment in this field (Scheme 1B [31]). In contrast to previous oxi-
dative quaternary ammonium iodide catalysis reports [28-30],
this method does not require the use of TMSN3, thus presenting
an efficient oxidative α-azidation protocol utilizing NaN3,
which arguably represents the most easily available and
cheapest nucleophilic N3 source (for other remarkable ap-
proaches using alternative catalysts and oxidants see references
[24-26]). In addition to the racemic approach, they also showed
that this reaction can be rendered enantioselective by using ad-
vanced Maruoka-type quaternary ammonium iodides [40].
Interestingly, designer catalyst C1 was found being catalytical-
ly superior compared to Bu4NI (TBAI) when using H2O2 as the
oxidant. Furthermore, it turned out that addition of PBN (phe-
nyl N-tert-butylnitrone) has a beneficial effect on the reaction
and that carefully buffered conditions are best-suited. We have
recently established the use of dibenzoyl peroxide (DBPO) as a
very powerful oxidant for oxidative heterofunctionalization
reactions using simple nucleophilic inorganic salts as hetero-
atom transfer reagents [39,41]. This was successfully demon-
strated for the non-catalyzed α-S(e)CN-functionalization of dif-
ferent pronucleophiles [39] as well as the benzylic azidation of
alkylphenol derivatives with NaN3 using TBAI as a catalyst
[41]. Considering the fact that TBAI clearly represents one of
the most easily available quaternary ammonium iodides and
keeping in mind our successfully demonstrated matching com-
bination of this catalyst with NaN3 and DBPO for our benzylic

azidations [41], we were thus wondering if the use of these
simple bulk chemicals also allows for the oxidative α-azidation
of different carbonyl-based pronucleophiles. As outlined in this
contribution, this reagent/catalyst system allows indeed for high
yielding direct α-azidations of different (cyclic) β-ketocarbonyl
derivatives (Scheme 1C), thus resulting in an operationally
simple protocol to access α-azidated carbonyl derivatives. In ad-
dition, we have also carried out some test reactions using
NaNO2 instead of NaN3 under otherwise identical conditions
and obtained a first proof-of-concept for the analogous, to the
best of our knowledge so far unprecedented, quaternary ammo-
nium hypoiodite-mediated α-nitration reaction.

Scheme 1: General illustration of the oxidative α-azidation of carbonyl
derivatives using quaternary ammonium iodides (A), Ishihara’s protocol
using NaN3 (B), and the herein reported combination of Bu4NI (TBAI),
NaN3 and DBPO ((PhCOO)2) (C).

Results and Discussion
We started our investigations by optimizing the α-azidation of
the tert-butyl-containing β-ketoester 1a (Table 1 gives an
overview of the most significant results obtained hereby). First
experiments testing different oxidants in combination with
Bu4NI (30 mol %) in 1,2-dichloroethane (DCE), a solvent that
we found to be well-suited for oxidative α-heterofunctionaliza-
tions before [39], showed that DBPO clearly outperforms all the
other oxidants tested under these conditions (Table 1, entries
1–5). While H2O2 gave 2a in low yield only (Table 1, entry 1),
the use of mCPBA (Table 1, entry 3) and t-BuOOH (Table 1,
entry 4) mainly resulted in the formation of the α-OH-ketoester
4. On the other hand, oxone performed significantly better
(Table 1, entry 2) but was also found to be inferior as compared
to DBPO, which allowed for the more or less quantitative “spot-
to-spot” formation of 2a without any noteworthy side-product
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Table 1: Optimization of the α-azidation of β-ketoester 1aa.

Entry Cat. (mol %) Equiv NaN3 Oxidant (equiv) 2a (%)b 3 (%)c 4 (%)c

1 Bu4NI (30) 2.2 H2O2 (2) 20 0 traces
2 Bu4NI (30) 2.2 oxone (2) 85 5 0
3 Bu4NI (30) 2.2 mCPBA (2) 20 0 50
4 Bu4NI (30) 2.2 t-BuOOH (2) 30 traces 60
5 Bu4NI (30) 2.2 DBPO (2) >95 0 0
6 – 2.2 DBPO (2) 0 0 10
7 Bu4NBr (30) 2.2 DBPO (2) >95 0 0
8 Bu4NCl (30) 2.2 DBPO (2) 15d 0 0
9 Bu4NHSO4 (30) 2.2 DBPO (2) 0d 0 0
10 KI (50) 2.2 DBPO (2) 60 30 0
11 Bu4NI (30) 2.2 DBPO (1.2) >95 0 0
12 Bu4NI (30) 2.2 DBPO (0.5) 45 0 0
13 Bu4NI (30) 1.2 DBPO (1.2) >95 0 0
14 Bu4NI (20) 1.2 DBPO (1.2) 95 (94)e 0 0
15 Bu4NI (10) 1.2 DBPO (1.2) 85 0 0

aUnless otherwise stated, all reactions were carried out by stirring 1a (0.1 mmol), the indicated amount of NaN3, the catalyst, and the oxidant in 1,2-
dichloroethane (DCE, 50 mM based on 1a) at rt for 20 h. bNMR yield using 1,3,5-trimethoxybenzene as an internal standard (given in 5% intervals).
cDetermined by 1H NMR of the crude product (given in 5% intervals). dComplete conversion of 1a but giving a rather complex reaction mixture.
eIsolated yield on 1 mmol scale.

formation (Table 1, entry 5). Screening different catalyst/DBPO
combinations next (Table 1, entries 5–10), showed that the reac-
tion requires a quaternary ammonium halide containing an
easily oxidizable counter anion, i.e., iodide or bromide (Table 1,
entries 5 and 7). No product formation was observed in the
absence of any catalyst (Table 1, entry 6) or in the presence of
Bu4NHSO4 (Table 1, entry 9) and the use of Bu4NCl (Table 1,
entry 8) was not satisfying either. On the other hand, the benefi-
cial effect of the quaternary ammonium functionality was
clearly underscored by employing KI instead of Bu4NI
(compare Table 1, entries 10 and 5). While Bu4NI allowed for
the clean and selective formation of 1a, we observed signifi-
cant amounts of the α-I-ketoester 3 when using KI instead.
Having established the combination of DBPO and Bu4NI as the
best-suited catalyst/oxidant combination for the α-azidation of
1a using NaN3, we finally optimized stoichiometry and catalyst
loading (Table 1, entries 11–15). Hereby we found the use of
1.2 equiv of NaN3 with 1.2 equiv of DBPO and 20 mol %
Bu4NI as the best-suited and most economic reagent/catalyst
combination, which allowed for the synthesis of 2a in high iso-
lated yield on 1 mmol scale as well (Table 1, entry 14). Tests
using other solvents under these optimized conditions were also

carried out (details not given in Table 1, which showed that
CH2Cl2 (95% NMR yield), toluene (95% NMR yield), aceto-
nitrile (90% NMR yield), and THF (85% NMR yield) are also
very well-tolerated.

Having identified high-yielding conditions for the synthesis of
2a, we next carried out a series of control experiments in order
to address the role of the catalyst’s counter anion and the
oxidant (Table 2). Running the reaction of 1a and NaN3 in the
presence of stoichiometric amounts of Bu4NI3, I2, Bu4NIO3, or
Bu4NIO4 did not lead to any noteworthy levels of product for-
mation (Table 2, entries 1–4). In sharp contrast, the use of
Bu4NOH + I2, which is known to give Bu4NIO in situ [41-44],
results in the formation of 2a in a yield comparable to the
above-described catalytic system. Accordingly, and in strong
analogy to previous reports [31,41-43], the herein reported
protocol most likely proceeds via in situ formation of a catalyti-
cally competent quaternary ammonium hypoiodite species
which then facilities the coupling of the two inherently nucleo-
philic reaction partners. To get further mechanistic insights we
also carried out our standard reaction (Table 1, entry 14) in the
presence of well-established radical traps like TEMPO, di-tert-
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Scheme 3: Application scope.

butylhydroxytoluene (BHT), or 1,1-diphenylethene (DPE). In
neither case any influence on the yield was observed, thus
ruling out a mechanism involving radical species.

Table 2: Control experiments using different hypervalent iodine
speciesa.

Entry Oxidant (1 equiv) 2a (%)b

1 Bu4NI3 0
2 I2 15
3 Bu4NIO3 0
4 Bu4NIO4 0
5 I2/Bu4NOHc 95

aCarried out by reacting 1a (0.1 mmol) and NaN3 (2.2 equiv) in the
presence of 1 equiv of the indicated oxidant in DCE at rt for 20 h.
bNMR yield using 1,3,5-trimethoxybenzene as an internal standard
(given in 5% intervals). cResulting in the formation of Bu4NIO [41-44].

Based on these mechanistic details obtained so far, we were
also wondering if we could get any hints concerning possible
reaction intermediates. Ishihara’s group recently showed that
their α-azidation protocol proceeds via in situ α-iodination first,
followed by nucleophilic displacement by the azide [31]. Not
surprisingly, when we analyzed reactions shortly after the addi-
tion of all reagents we detected notable amounts of the α-iodi-
nated β-ketoester 3 which then converted to the final product 2a
over time. Furthermore, we also synthesized compound 3 inde-
pendently (by reacting 1a with TBAI and additional KI in the
presence of DBPO) and then resubmitted this compound to our
ammonium salt-catalyzed azidation reaction conditions,
observing full conversion to 2a as well. Considering all these
details we thus propose a mechanistic scenario as outlined in

Scheme 2. The catalyst gets oxidized to Bu4NIO first, which
then facilitates the α-iodination of 1a (hereby either the formed
benzoate or the hypoiodite itself may serve as a base). Interme-
diate 3 then undergoes a phase-transfer-catalyzed nucleophilic
substitution with NaN3 thus delivering the final product 2a.

Scheme 2: Proposed mechanistic scenario.

With optimized conditions and a plausible mechanistic under-
standing at hand, we next investigated the application scope and
limitations of this methodology. As outlined in Scheme 3, a
series of differently substituted α-azido-β-ketoesters 2 as well as
analogous α-azido-β-ketoketones 5 and the α-azido-β-
ketoamide 6 could be accessed straightforwardly. Furthermore,
this procedure was also successfully extended to γ-butyrolac-
tone-based products 7. Unfortunately, this methodology came to
its limits when using tetralone-based β-ketoesters like com-
pound 8, which resulted in a complex product mixture, or the
acylic β-ketoester 9, which did not show any conversion under
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these conditions. The later limitation shows a clear difference
between our methodology and Uyanik’s and Ishihara’s protocol
[31], underscoring the higher reactivity of their designer cata-
lyst (Scheme 1B).

Having established the TBAI/DBPO-mediated α-azidation
using NaN3, we also briefly tested whether this concept can be
extended to an analogous α-nitration approach. Different strate-
gies for α-nitrations of carbonyl compounds have been reported
[45-50], but the use of NaNO2 under simple oxidative condi-
tions has so far received relatively little attention [51]. Gratify-
ingly, employing NaNO2 (2.2 equiv) under our established oxi-
dative α-azidation conditions we found it possible to access the
α-NO2-β-ketoesters 10a–c as well (Scheme 4), which in our
opinion represents an interesting proof-of-concept for an ammo-
nium hypoiodite-mediated α-nitration. In this case we observed
intermediate formation of the α-iodinated β-ketoester 3 as well
(vide supra), which suggests an analogous mechanistic scenario
as for the azidation (compare with Scheme 3). However, it
should also be stated that the α-nitro products 10 were found to
be not too stable, undergoing some unspecific decomposition
and also some decarboxylation during column chromatography
or upon prolonged reaction times. Also, tests with analogous
β-ketoketones and β-ketoamides (compare with azidation prod-
ucts 5 and 6, Scheme 3) did not give any products but resulted
in the formation of a variety of unidentified side-products, thus
illustrating that this α-nitration methodology seems to be less
general than the α-azidation, which can most likely be attri-
buted to the sensitivity of the products (containing a carbon
with three electron-withdrawing groups).

Scheme 4: Proof-of-concept for the analogous oxidative α-nitration.

Conclusion
α-Azidation reactions of carbonyl derivatives are powerful ap-
proaches to access valuable organic azides. In this contribution
we report the direct α-azidation of cyclic β-ketocarbonyl com-
pounds using NaN3. This coupling of two inherently nucleo-
philic species is possible by carrying out the reaction under oxi-
dative conditions using dibenzoyl peroxide in the presence of a
catalytic amount of tetrabutylammonium iodide (TBAI).
Control experiments support a mechanistic scenario proceeding
via in situ formation of a catalytically competent quaternary
ammonium hypoiodite first. This higher oxidation state species

then facilitates the α-iodination of the pronucleophile, followed
by a phase-transfer-catalyzed nucleophilic substitution by the
azide. Furthermore, we also obtained a first proof-of-concept
for the conceptually analogous α-nitration by using NaNO2
under otherwise identical conditions.

Experimental
General details
1H, 13C and 19F NMR spectra were recorded on a Bruker
Avance III 300 MHz spectrometer with a broad band observe
probe and a sample changer for 16 samples, on a Bruker
Avance DRX 500 MHz spectrometer, and on a Bruker Avance
III 700 MHz spectrometer with an Ascend magnet and TCI
cryoprobe, which are all property of the Austro Czech NMR
Research Center “RERI uasb”. All NMR spectra were refer-
enced on the solvent residual peak (CDCl3: δ = 7.26 ppm for
1H NMR, δ  = 77.16 ppm for  13C NMR,19F NMR
unreferenced). IR spectra were recorded on a Bruker Alpha II
FTIR spectrometer with diamond ATR-module using the OPUS
software package. HRMS spectra were recorded on an Agilent
QTOF 6520 spectrometer with an ESI source. Melting points
are recorded using a Büchi M-560 apparatus and are reported
uncorrected. TLC was performed on Macherey-Nagel pre-
coated TLC plates (silica gel, 60 F254, 0.20 mm, ALUGRAM®

Xtra SIL). Preparative column chromatography was carried out
using Davisil LC 60 Å 70-200 MICRON silica gel. All chemi-
cals were purchased from commercial suppliers and used with-
out further purification unless otherwise stated.

General α-azidation procedure
Sodium azide (7.8 mg, 120 µmol, 1.2 equiv) and TBAI (7.4 mg,
20 µmol, 20 mol %) were suspended in a stirred solution of the
respective starting material (100 µmol, 1.00 equiv) in 1.0 mL of
DCE at rt. Then, a solution of anhydrous dibenzoyl peroxide
(29.1 mg, 120 µmol, 1.2 equiv) in 1.0 mL of DCE was added to
the suspension and the mixture was stirred for 20 h. The reac-
tion solution was then diluted with 8 mL dichloromethane and
extracted with 5 mL of sat. aq NaHCO3. The aqueous phase
was then extracted twice with 10 mL of DCM. The organic
layer and the extracts were then filtered consecutively through a
pad of anhydr. sodium sulfate and deactivated silica gel. The
solvents were removed in vacuo. In most cases the products
were already obtained in sufficiently high purity (>95%) after
this work up. If necessary, further purification by silica gel
column chromatography can be carried out.

Safety considerations: It is known that the combination of inor-
ganic azides and halogenated compounds can lead to the forma-
tion of explosive diazido compounds and thus we have also
demonstrated that the azidation chemistry is possible in other
solvents as well (vide supra). However, to the best of our know-
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ledge this is mainly an issue with dichloromethane [52,53],
whereas the reaction between NaN3 and dichloroethane usually
requires higher temperatures and represents a slow process [54]
and we did not detect any diazidoethane by 1H NMR in any of
our crude products [55].

Analytical details for the parent compound 2a: Obtained in
94% yield (25.7 mg, 94.0 µmol). cf.: 1.0 mmol scale, 94% yield
(256.9 mg, 940.0 µmol; purified by column chromatography on
silica gel (eluent: heptanes/EtOAc = 19:1)). Yellowish-white
solid; Analytical data match those reported in literature [30].
1H NMR (300 MHz, CDCl3, 298 K, δ/ppm) 7.82 (d, J = 7.7 Hz,
1H), 7.66 (t, J = 7.5 Hz, 1H), 7.48–7.39 (m, 2H), 3.64 (d, J =
17.2 Hz, 1H), 2.99 (d, J = 17.2 Hz, 1H), 1.45 (s, 9H); 13C NMR
(75 MHz, CDCl3, 298 K, δ/ppm) 198.1, 167.4, 152.3, 136.4,
133.3, 128.4, 126.5, 125.6, 84.6, 70.6, 38.6, 28.0; IR (neat,
FT-ATR, 298 K, ν̃/cm−1): 2984, 2928, 2853, 2110, 1747, 1736,
1718, 1604, 1589, 1548, 1466, 1431, 1397, 1372, 1353, 1326,
1271, 1259, 1215, 1145, 1091, 1054, 1027, 961, 913, 871, 844,
834, 818, 804, 756, 729, 711, 688, 661, 623, 598, 561, 533, 459,
416; HRMS (ESI+-QqTOF, m/z): [M + NH4]+ calcd for
C14H19N4O3, 291.1452; found, 291.1452 (major); TLC (silica
gel K60, 200 µm, F254, heptanes/EtOAc = 7:3, 298 K, Rf 0.64;
mp: 65.0–67.5 °C.

General α-nitration procedure
Sodium nitrite (15.2 mg, 220 µmol, 2.2 equiv) and TBAI
(7.4 mg, 20 µmol, 20 mol %) were suspended in a stirred solu-
tion of the respective starting material (100 µmol, 1.00 equiv) in
1.0 mL of DCE at rt. Then, a solution of anhydrous dibenzoyl
peroxide (29.1 mg, 120 µmol, 1.2 equiv) in 1.0 mL of DCE was
added to the suspension and the mixture was stirred for 20 h.
The reaction solution was then diluted with 8 mL dichloro-
methane and extracted with 5 mL of sat. aq NaHCO3. The
aqueous phase was then extracted twice with 10 mL of DCM.
The organic layer and the extracts were then filtered consecu-
tively through a pad of anhydr. sodium sulfate and deactivated
silica gel. The solvents were removed in vacuo. In most cases
the products were already obtained in sufficient purity (>95%)
after this work up. If necessary, further purification can be
achieved by fast silica gel column chromatography (the prod-
ucts tend to decompose on silica gel).

Analytical details for the parent compound 10a: Obtained in
84% yield (23.3 mg, 94.0 µmol). white solid; 1H NMR
(700 MHz, CDCl3, 298 K, δ/ppm) 7.86 (d, J = 7.7 Hz, 1H), 7.71
(t, J = 7.5 Hz, 1H), 7.53 (d, J = 7.7 Hz, 1H), 7.48 (t, J = 7.5 Hz,
1H), 4.11 (d, J = 17.9 Hz, 1H), 3.99 (d, J = 17.9 Hz, 1H), 1.49
(s, 9H); 13C NMR (126 MHz, CDCl3, 298 K, δ/ppm) 188.4,
162.0, 150.1, 137.0, 132.9, 129.1, 126.5, 126.2, 96.7, 86.1, 37.5,
27.8; IR (neat, FT-ATR, 298 K, ν̃/cm−1): 2984, 2930, 2878,

2854, 1748, 1719, 1656, 1604, 1589, 1548, 1465, 1431, 1396,
1371, 1353, 1325, 1272, 1260, 1215, 1145, 1091, 1056, 1026,
961, 912, 871, 844, 834, 818, 803, 755, 730, 711, 688, 661, 625,
598, 561, 533, 459, 414; HRMS (ESI+-QqTOF, m/z): [M + H]+

calcd for C14H16NO5, 278.1023; found, 278.1024; TLC (silica
gel K60, 200 µm, F254, heptanes/EtOAc = 7:3, 298 K, Rf 0.47;
mp: 75.9–78.4 °C.
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Abstract
The reaction mechanism for the chlorination and bromination of 2-naphthol with PIDA or PIFA and AlX3 (X = Cl, Br), previously
reported by our group, was elucidated via quantum chemical calculations using density functional theory. The chlorination mecha-
nism using PIFA and AlCl3 demonstrated a better experimental and theoretical yield compared to using PIDA. Additionally, the
lowest-energy chlorinating species was characterized by an equilibrium of Cl–I(Ph)–OTFA–AlCl3 and [Cl–I(Ph)][OTFA–AlCl3],
rather than PhICl2 being the active species. On the other hand, bromination using PIDA and AlBr3 was more efficient, wherein the
intermediate Br–I(Ph)–OAc–AlBr3 was formed as active brominating species. Similarly, PhIBr2 was higher in energy than our pro-
posed species. The reaction mechanisms are described in detail in this work and were found to be in excellent agreement with the
experimental yield. These initial results confirmed that our proposed mechanism was energetically favored and therefore more plau-
sible compared to halogenation via PhIX2.
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Introduction
Hypervalent iodine(III) reagents have gained attention as strong
oxidants with a low toxicity [1-8] and due to the ability to
mimic reactivity [9] usually associated with transition metals
[10,11]. Iodine(III) compounds have been used for the forma-
tion of different bond types, such as C–C [12,13], C–O [14,15],

C–N [16], C–S [17], C–CN [18], C–F [19-21], C–I [22,23],
C–NO2 [24,25] and, in the context of this work, C–X (X = Cl,
Br) [26-31]. So far, different protocols for the halogenation of
arenes using iodine(III) reagents have been described, mainly
using (diacetoxyiodo)benzene (PIDA)/TMSCl, PIDA/TMSBr
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Scheme 1: Representative protocols for the oxidative aromatic chlorination and bromination with iodine(III) reagents.

[32], and [bis(trifluoroacetoxy)iodo]benzene (PIFA)/TMSBr
[33]. We have recently developed a new protocol for the oxida-
tive chlorination and bromination of naphthols using the PIFA/
AlCl3 [26] and PIDA/AlBr3 [28,29] systems. These unprece-
dented protocols combined iodine(III) reagents and aluminum
salts to achieve chlorination and bromination of electron-rich
arenes under mild and experimentally straightforward condi-
tions (Scheme 1).

The synthesis of aryl halides is of great academic and industrial
importance. Recently, our research group has developed a new
procedure for the ortho-selective chlorination of phenols under
mild conditions in a short reaction time [26]. The chlorinating
species was generated in situ simply by mixing PIFA with a
Lewis acid, in this case AlCl3. The importance of this protocol
arises from the oxidation of an AlCl3-based chlorine atom,
which is an available and cheap reagent. Then it is used as an
electrophile source in the chlorination process with an

umpolung reactivity. In contrast to the suggested traceroute
where the chlorine or bromine atom is attached to the hyperva-
lent iodine center of the plausible reagent PhIX2 (X = Cl, Br),
our new protocol opens up a broad path for the reaction through
different halogenating species. For a deeper understanding of
these reactions, we explored different pathways of the reaction
mechanisms for the ortho-halogenation using 2-naphthol as a
model substrate (Scheme 2). In such a way, we found a reac-
tion pathway that was energetically favored.

Based on our successful procedure for chlorination, we also de-
veloped an efficient protocol for the electrophilic bromination
of arenes, mainly phenols [28,29]. Accordingly, the bromina-
tion reaction was initially explored by mixing PIFA and AlBr3,
which gave an acceptable yield (84%). However, other
iodine(III) reagents were tested as oxidants during the optimiza-
tion process. Thus, when mixing PIDA with aluminum bro-
mide, the reaction occurred with an unexpectedly higher yield
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Scheme 2: Chlorination of 2-naphthol using the PIFA/AlCl3, 1:2 system.

Scheme 3: Bromination of 2-naphthol using the PIDA/AlBr3, 1:2 system.

(93%) than with PIFA. Therefore, the bromination reaction
proceeded in the presence of PIDA/AlBr3 as a brominating
system using MeCN as solvent (Scheme 3).

In light of the relevance of this newly discovered reactivity and
the scarce mechanistic and theoretical studies available [33], we
computationally explored all of the different plausible path-
ways to elucidate the most feasible route that allowed the re-
ported halogenation under these new reaction conditions. In this
work, we systematically investigated the influence of PIDA and
PIFA in the chlorination and bromination reactions. Interest-
ingly, we found an excellent agreement between the theoretical
predictions and the experimental results.

Results and Discussion
Computational details
The equilibrium geometry of reagents and products, the station-
ary points, and transition-state structures were optimized by
density functional theory (DFT) calculations employing the
software Gaussian 16 [34]. Although the B3LYP functional
could be suitable for these calculations, e.g., for tracing reac-
tion pathways, nitrations, halogenations, or FC acylations in
solution, we found the ω-B97XD functional [35] appropriate
for this study because it considered dispersion interactions
through a range separation (22% for short range and 100%
Hartree–Fock for long range), which properly describes thermo-
chemistry and noncovalent interactions. When searching for the
critical points along the potential surface energy of the possible
chlorination and bromination pathways studied in this work, Br
and I atoms were treated with the revised version of the
LANL2DZ basis set and effective core potential, referred to as

LANL08(d), providing d-type polarization functions. Mean-
while, the 6-31G(d) basis set was used for the other atoms (i.e.,
H, C, O, F, Al, etc.).

Geometry optimizations were carried out without any symmetry
constraints, and the stationary points were characterized by ana-
lytical frequency calculations, i.e., energy minima (reactants,
intermediates, and products) must exhibit only positive
harmonic frequencies, whereas each energy maximum (transi-
tion state) exhibited only one negative frequency. From these
last calculations, zero-point energy, thermal, and entropy
corrections were obtained, which were added to the electronic
energy to express the calculated values as Gibbs free energy at
298 K and 1 atm.

All our calculations were performed in the gas phase. Then, the
solvent effects were included according to the polarizable con-
tinuum model via the solvent model density (SMD) option
considering Truhlar’s model [36-40] and MeCN as the solvent.
Single-point calculations were improved using a mixed basis set
of triple-ζ quality with a polarization function, 6-311G(d,p) for
all atoms except for Br and I, which were treated with the
LANL08d relativistic pseudopotential [41-43], i.e., the compos-
ite level of theory used is the following: (SMD: MeCN)
ω-B97XD/(6-311G(d,p),LANL08d)//ω-B97XD/6-31G(d),
LANL08d.

Chlorination mechanism
The reaction mechanism for the chlorination of 2-naphthol
using one equivalent of PIFA and two equivalents of aluminum
chloride is outlined in Scheme 4.
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Scheme 4: Reaction mechanism for the chlorination of 2-naphthol using the PIFA/AlCl3, 1:2 system.

The chlorination mechanism starts when PIFA coordinates the
first equivalent of aluminum chloride to give the corresponding
adduct PIFA–AlCl3. Next, a chlorine atom is transferred to the
iodine(III) center to yield I-1–Cl via TS1–Cl with the release of
the complex TFAO–AlCl2. Then, the second equivalent of alu-
minum chloride coordinates the TFAO ligand, giving rise to the
chlorinating species I-2–Cl in equilibrium with I-3–Cl. At this
point, 2-naphthol reacts, leading to the formation of the ion pair
I-4–Cl via chlorine atom transfer, which then yields the adduct
I-5–Cl trough transition state TS2–Cl. Then, the release of the
second equivalent of the TFAO–AlCl2 complex yields the final
product 1-chloro-2-naphthol (P–Cl).

The calculated mechanism for the chlorination reaction starts
with coordination of a PIFA oxygen atom to aluminum chlo-
ride. This generates a highly exergonic PIFA–AlCl3 adduct. In
Figure 1, the Gibbs free energy of this adduct is set as
0 kcal/mol for more clarity. Herein, one chlorine atom is trans-
ferred from aluminum to the hypervalent iodine(III) center
through six-membered-ring transition state TS1–Cl (ΔG‡ =

9.7 kcal/mol, selected bond lengths 2.76, 1.22, 1.27, 1.78, 2.60,
and 2.86 Å for I–O, O–C, C–O, O–Al, Al–Cl, and Cl–I, respec-
tively). Then, the tetracoordinate TFAO–AlCl2 salt is released,
giving rise to intermediate I-1–Cl (ΔG = −25.2 kcal/mol),
which contains the key Cl–I(III) bond, in a formal TFAO/Cl
ligand exchange. The Cl–I bond length is 2.46 Å, with the
halogen atom sharing the hypervalent iodine bond in the equa-
torial position. Next, the second equivalent of aluminum chlo-
ride coordinates to the TFAO ligand, forming active chlori-
nating species I-2–Cl (ΔG = −18.3 kcal/mol). This energetical-
ly favored step is in equilibrium with the ion pair I-3–Cl
(ΔG = −0.5 kcal/mol). It is worth mentioning that the slight
difference in energy between both states indicates the impor-
tance of the spontaneous interconversion of both species, which
is observed only in the presence of two equivalents of the Lewis
acid.

After the addition of 2-naphthol, the chlorine atom is intro-
duced barrier-free into the phenolic ring, producing the nonaro-
matic intermediate I-4–Cl (ΔG = −23.1 kcal/mol). Next, aroma-
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Figure 1: Energy profile for the chlorination of 2-naphthol in the presence of PIFA and AlCl3.

tization assisted by TFAO–AlCl2 via TS2–Cl (ΔG‡ =
11.1 kcal/mol) and hydrogen transfer from the nonaromatic
intermediate to TFAO–AlCl2 are observed. In TS2–Cl, the
energy barrier must be overcome to give rise to the 1-chloro-2-
naphthol adduct with TFA–OH–AlCl2, I-5–Cl (ΔG =
−2.6 kcal/mol), which spontaneously yields the final 1-chloro-
2-naphthol (P–Cl) with concomitant release of TFAO–AlCl2 in
a highly exothermic process (ΔG = −44.2 kcal/mol, Figure 1).

Other relevant routes for this chlorination process, which
involve a different stoichiometry or the formation of PhICl2 as
chlorinating species, were also investigated and ruled out. Thus,
for the chlorination of 2-naphthol with the PIFA/AlCl3, 1:1
system, we found that in general, once the intermediate I-1–Cl
is formed, the following coordination of 2-naphthol with the
TFAO ligand via TS2 is energetically less favored (ΔG‡ =
16.2 kcal/mol, see Supporting Information File 1 for details of
the explored chlorination and bromination mechanisms). Addi-
tionally, for this mechanism, we identified that the formation of
TS4 has the highest energy barrier (ΔG‡ = 20.2 kcal/mol),
becoming a less probable route. This result also confirms the
relevance of using two equivalents of aluminum chloride.

The aromatic chlorination with iodine(III) reagents broadly
employs PhICl2 [7]. Thus, we explored two alternatives for the
chlorination of 2-naphthol to identify or rule out this potential
reaction pathway. The first explored mechanism involves PIFA/

AlCl3 and the second PIDA/AlCl3 (see Figures S2 and S3, re-
spectively, Supporting Information File 1). In both cases, the
route involves the formation of PhICl2 as the chlorinating
reagent by considering two equivalents of AlCl3 (PIFA/AlCl3
or PIDA/AlCl3, 1:2). Overall, we characterized four transition
states along the reaction coordinates for both pathways. Al-
though the PIFA-assisted mechanism follows a similar route to
that described in Figure 1 until the formation of the active chlo-
rinating species, in this case, the formation of TS2 requires
18.1 kcal/mol, which is an energetically more demanding
process than the equilibration between I-2–Cl and ion pair
I-3–Cl, proposed as active chlorinating species in Figure 1 and
requiring less than 1 kcal/mol. It is worth mentioning that once
PhICl2 is formed, the energy barrier to TS3 is 21.5 kcal/mol.
These energy differences suggest that the traceroute PhICl2 is
less viable for the chlorination of 2-naphthol.

On the other hand, in the presence of PIDA (Figure S3, Sup-
porting Information File 1), when the reaction occurs through
the chlorinating species PhICl2, we found that TS1, TS2, and
TS4 require 17.7, 13.8, and 16.5 kcal/mol, respectively. Consid-
ering the high transition-state energy barrier in the proposed
mechanism shown in Figure 1 for TS2–Cl (11.1 kcal/mol), this
route is less probable. Additionally, we observed that chlorina-
tion of naphthol (the formation of I-6) could be the determining
step since we found a coupling between the ring of the chlori-
nating species and naphthol during TS4, i.e., it could disfavor
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Scheme 5: Calculated reaction mechanism for the bromination of 2-naphthol using the PIDA/AlBr3, 1:2 system.

the PIDA-assisted chlorination traceroute via PhICl2. Thus,
using PIFA and two equivalents of AlCl3 resulted in the highest
yield, which is in agreement with our experiments.

As a consequence of the previous analysis, the chlorination
process is energetically favored in the presence of PIFA/AlCl3,
1:2 through the formation of PhICl–TFAO–AlCl3 in equilib-
rium with [PhICl][TFAO–AlCl3] as chlorinating species.

Bromination mechanism
The reaction mechanism for the bromination of 2-naphthol
using one equivalent of PIDA and two equivalents of alumi-
num bromide is shown in Scheme 5.

PIDA coordinates the first equivalent of aluminum bromide to
form the adduct PIDA–AlBr3, which spontaneously dissociates,
giving ion pair I-1–Br. Next, via TS1–Br, complex AcO–AlBr2
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Figure 2: Calculated mechanism for the bromination of 2-naphthol in the presence of PIDA and AlBr3.

is released with subsequent formation of intermediate I-2–Br.
Then, the second equivalent of aluminum bromide coordinates
to an acetate ligand, forming adduct I-3–Br, which is the bromi-
nating species. At this point, 2-naphthol reacts and forms
I-4–Br via TS2–Br. Afterwards, the second equivalent of the
AcO–AlBr2 complex and HBr are released with concomitant
formation of I-5–Br trough TS2–Br. Then, I-5–Br spontane-
ously isomerizes to give I-6–Br via the transition state TS4–Br.
Finally, I-6–Br tautomerizes, yielding the experimentally ob-
served 1-bromo-2-naphthol (P–Br).

Based on our calculations, the bromination reaction proceeds
through a stepwise mechanism. Thus, the reaction starts with
the coordination of aluminum bromide to an acetate ligand in
PIDA to form the PIDA–AlBr3 adduct in a highly exergonic
process. Similar to the previous section, the Gibbs free energy
at this point was set as 0 kcal/mol for reference. At this stage,
the PIDA–AlBr3 adduct undergoes ionization, giving rise to the
corresponding ion pair I-1–Br (ΔG = −31.3 kcal/mol) in a
highly exergonic and energetically favorable process. Next, an
intramolecular SN2 reaction of the formed aluminum anion
transfers a bromine atom to the electrophilic iodine(III) center
through TS1–Br, which has a feasible energy barrier of
8.3 kcal/mol. The I–Br and Br–Al bond lengths are 3.15 and
2.78 Å, respectively, and the I–Br–Al angle is 93.1o, which is
close to the common T-shape of such hypervalent iodine(III)
species. This step releases the tetracoordinate AcO–AlBr2 salt
and gives rise to the intermediate I-2–Br (ΔG = −9 kcal/mol),

which contains the key Br–I(III) bond with a length of 2.65 Å.
Herein, we could identify an energetically favored AcO/Br
ligand exchange that releases 35.2 kcal/mol. At this point, the
second equivalent of aluminum bromide is coordinated by an
acetate ligand to produce the active brominating species
Br–I(Ph)–OAc–AlBr3 (I-3–Br). Then, 2-naphthol adds to the
iodine(III) species to release the activated Br3Al–OAc ligand
through transition state TS2–Br (ΔG‡ = 11.7 kcal/mol), which
leads to the protonated intermediate I-4–Br. The next step is a
deprotonation assisted by the released Br3Al–OAc species. This
allows the formation of the AcO–AlBr2 salt via TS3–Br and the
trans intermediate I-5–Br, which contains a Br–I(Ph)–O–naph-
thyl bond of 2.14 Å length. The last step is the bromination of
I-5–Br by isomerization to the cis transition state TS4–Br
(ΔG‡ = 16.1 kcal/mol), which yields the brominated nonaro-
matic intermediate I-6–Br in a highly exothermic step (ΔG =
−52.3 kcal/mol). Finally, I-6–Br undergoes spontaneous aroma-
tization, converting it into the experimentally observed
1-bromo-2-naphthol (P–Br), which is more stable than I-6–Br
by 2.6 kcal/mol (Figure 2).

We also explored the plausible mechanisms for the bromina-
tion of 2-naphthol mediated by PIFA in a 1:2 ratio (Figure S4,
Supporting Information File 1). In this proposal, we observed
that the energy barriers to reach TS1 (10.6 kcal/mol) and TS2
(16.7 kcal/mol) are higher than those calculated for the mecha-
nism shown in Figure 2, namely 8.3 kcal/mol for TS1–Br and
16.1 kcal/mol for TS4–Br.
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Other possible mechanisms involve the formation of PhIBr2.
For these scenarios, the reaction pathway with PIDA and PIFA,
respectively, involves two equivalents of AlBr3 (Figures S5 and
S6, Supporting Information File 1). Calculations indicated that
each of these pathways proceeds along four transition states.
Moreover, we found that the coordination of AlBr3 to I-2 to
form TS2 has the highest energy barrier (determining step, ΔG‡

for TS2 53.3 kcal/mol) in the presence of PIDA. Meanwhile,
formation of TS3 (ΔG‡ = 21.3 kcal/mol) is the limiting step of
the mechanism in the presence of PIFA.

Then, in the presence of the PIFA/AlBr3 system, bromination of
2-naphthol is the energetically most favored pathway. Al-
though all these reactions occur through four transition states,
significant energy differences exist concerning the PIDA/AlBr3
system. For example, the activation barrier of TS2 was
41.6 kcal/mol higher in energy than that in the mechanism in
Figure 2. A similar energy profile was obtained for the bromi-
nation of 2-naphthol in the presence of PIFA (and 2 equivalents
of AlBr3) compared to Figure 2. The energy difference from I-1
to TS1 (2.3 kcal/mol for the reaction in the presence of PIFA)
could be the reason why the experimental yield is higher in the
presence of PIDA and two equivalents AlBr3 rather than PIFA
and two equivalents AlBr3 when considering the different
hypervalent iodine reagents for this reaction.

To find the correlations between experiments and theoretical
calculations, chlorination and bromination of 2-naphthol using
PIFA/AlCl3 and PIDA/AlBr3 were carried out. Consequently,
we found an excellent correlation between the yield and the
energy barrier (Table 1).

Table 1: Experimental yield by using different hypervalent iodine(III)
reagents.

reaction PIFA PIDA AlX3

chlorination 63% 48% AlCl3
bromination 84% 93% AlBr3

Conclusion
We elucidated the energetically most viable pathway for the
chlorination and bromination of 2-naphthol using the novel
systems PIFA/AlCl3 and PIDA/AlBr3 in a 2:1 ratio in both
cases. We found that the energetically most favored reaction
proceeds through the chlorinating species I-2–Cl and I-3–Cl

(rather than PhICl2), which are in an equilibrium. The bromina-
tion is more efficient with PIDA/AlBr3 through the formation of
the intermediate I-3–Br as active brominating species. Simi-
larly, involvement of PhIBr2 is energetically less favored com-
pared to our proposed pathway. One key step is the coordina-
tion of a second equivalent of AlX3 to TFAO or AcO in PIFA
or PIDA to promote the formation of the active halogenating
species I-2 and I-3 for chlorination and bromination, respective-
ly. Although bromination reactions in the presence of PIDA and
PIFA give an excellent experimental yield, slight energy differ-
ences in the pathways explained why PIFA/AlCl3 for chlorina-
tion and PIDA/AlBr3 for bromination are better choices for
these reactions.

Supporting Information
Supporting Information File 1
Optimized Cartesian coordinates of all structures and
alternative mechanisms.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-141-S1.pdf]
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Abstract
We present N-heterocycle-stabilized iodanes (NHIs) as suitable reagents for the mild oxidation of activated alcohols. Two different
protocols, both involving activation by chloride additives, were used to synthesize benzylic ketones and aldehydes without overoxi-
dation in up to 97% yield. Based on MS experiments an activated hydroxy(chloro)iodane is proposed as the reactive intermediate.
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Introduction
The oxidation of alcohols to aldehydes and ketones is an essen-
tial transformation in organic chemistry [1,2]. Generating alde-
hydes is particularly challenging as they are easily overoxi-
dized to carboxylic acids. Over the past decades a variety of
methods have been developed, utilizing toxic heavy metals such
as pyridinium dichromate (PDC) [3-5] or manganese dioxide
(Figure 1) [6,7]. Molecular oxygen [8] and peroxides [9,10] can
also be used as inexpensive terminal oxidants in combination
with transition-metal catalysts. Metal-free methods employ
chlorodimethylsulfonium compounds as the reactive species
and have gained great popularity under the name Swern oxida-
tion or the Corey–Kim oxidation [11]. Hypervalent iodine com-
pounds have also been studied and are well established in

several oxidative transformations including the synthesis of
complex molecules and drugs [12,13]. The most prominent ex-
amples are the pentavalent derivatives 2-iodoxybenzoic acid
(IBX) and Dess–Martin periodinane (DMP) [14,15]. Although
mild and selective oxidants, these highly oxidized λ5-iodanes
have drawbacks, in particular low solubility and moisture sensi-
tivity [11]. Hypervalent iodine compounds in a lower oxidation
state (λ3-iodanes), such as iodosobenzene (PhIO)n or phenylio-
dine(III) diacetate (PIDA) have been reported in alcohol oxida-
tions but they often result in overoxidation to the corresponding
carboxylic acids [16]. Additives such as bromide salts or Al2O3
can eliminate this problem and allow selective oxidation to
some extent [17-20].
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Figure 1: Overview of common non-iodine-based (left) and iodine-
based (right) oxidizing reagents for the generation of carbonyls from
the corresponding alcohols.

During the past years, N-heterocycle-stabilized iodanes (NHIs)
were demonstrated as suitable tools for various applications
among them group transfer reactions [21] and as building
blocks [22-24]. The synthetic potential of NHIs has been previ-
ously studied in model transformations such as thioanisole
oxygenation, oxidative lactonization, or diacetoxylation of
alkenes [25-28]. In this work, we want to apply NHIs in a mild
oxidation of primary and secondary benzylic alcohols to alde-
hydes and ketones as an alternative to λ5-iodanes.

Results and Discussion
Initially, we investigated a variety of pyrazole-, triazole-, and
oxazole-substituted hydroxy-NHIs previously developed by our
group [25]. However, none of them proved to be effective in a
model oxidation reaction of n-octanol (2). Since previous inves-
tigations have repeatedly shown that the number of heteroatoms
in the N-heterocycle correlates with the NHIs activity, a series
of tetrazole- and tetrazine-substituted NHIs 1a–e was synthe-
sized (Figure 2) [29,30]. A crystal structure was additionally
obtained for tetrazine 1c. Bond lengths and angles were similar
to those of known five-membered NHIs [25], including a strong
intramolecular interaction between the nitrogen of the tetrazine
and the hypervalent iodine atom (I1–N1: 2.44(4) Å; the sum of
VdW radii: 3.61 Å [31]).

Beginning with the electron-deficient and thereby highly reac-
tive NHIs 1a and 1c, we explored the potential for a ligand-
exchange process on the iodane via 1H NMR spectroscopy by
combining equimolar quantities of NHI and n-octanol (2).
When the tetrazole-substituted hydroxy(aryl)iodane 1a was
added, no significant shifts in the NMR spectral signals were
detected, probably due to the poor solubility of the iodane. Con-
versely, with the addition of the red tetrazine salt 1c, a signifi-
cant downfield shift was observed for the alpha-carbon protons
from 3.51 ppm to 4.55 ppm, as illustrated in Figure 3a.

Figure 2: NHIs investigated for the oxidation of benzylic alcohols and
the crystal structure (ORTEP drawing) of 1c (CCDC 2321313),
showing the coordination of the triflate to two positions of the iodane.
Thermal ellipsoids are displayed with 50% probability. Selected bond
lengths and angles: I1–N1: 2.44(4) Å; I1–O1: 1.94(9) Å; I1–O2:
3.04(1) Å; C1–I1–N1: 73.5(8)°; O1–I1–N1: 166.6(5)°; N1–I1–C1–O1:
177.8(3)°.

This indicates a ligand exchange of the hydroxy group resulting
in a loss of electron density and the formation of the alkoxy-
NHI 2'. The chemical shift is consistent with previously
measured alkoxyiodanes [32].

The experiments were repeated using activated p-tolylmethanol
(3a), again showing no reaction with iodane 1a. Utilizing the
tetrazine 1c, p-methylbenzaldehyde (4a) was observed as a new
species at 9.94 ppm (Figure 3b). The reaction reached 31%
conversion after 72 h, however, p-methylbenzoic acid (4a’) was
formed in 35% as well, showing an undesired overreaction. In
this experiment no formation of an alkoxyiodane was observed,
indicating that the formation of this ligand-exchanged interme-
diate is slower than the dehydrogenation. As a consequence, we
attempted to accelerate the ligand exchange through the addi-
tion of a Lewis acid and the performance of the NHIs was com-
pared with common iodine(III) reagents by 1H NMR spectros-
copy (Figure 4). After 60 h the measurements revealed a higher
yield of aldehyde 4a using 1a (68%) compared to 1c (30%)
under the influence of AlCl3. As a comparison, the use of PIDA
(5b) and IBA (5c) with the additive resulted in a significantly
lower oxidation of the alcohol. Only small amounts of benzoic
acid 4a’ were observed in all reactions with additional AlCl3,
suggesting that the additive inhibits the previously observed
overoxidation.

Surprisingly AlCl3 activated the cyclic tetrazole iodane 1a but
had almost no influence on the reactivity of the tetrazine salt 1c.
Based on these results, the reaction conditions were further opti-
mized using NHI 1a with the benzyl alcohols 3a (electron-rich)
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Figure 3: 1H NMR spectra of the time-dependent formation of a) an alkoxy-NHI which is causing a significant downfield shift of the protons in alpha-
position (orange) compared to the free alcohol 2 (blue) and b) oxidation of p-tolylmethanol (3a, blue) to the aldehyde 4a (green) and carboxylic acid
4a’ (red). Reaction conditions: An equimolar mixture of NHI 1c (10.0 µmol) and alcohol (2 or 3a, 10.0 µmol) were dissolved in CD3CN (600 µL) and
1H NMR spectra were recorded.

and 3b (electron-poor) as the model substrates. First, the reac-
tion temperature was increased, finding 60 °C to be the optimal
value in EtOAc (Table 1, entry 1). At this temperature, the reac-
tion time was significantly reduced to 2.5 h. A variety of other

additives were tested next, revealing TsOH or NaOTs inhibit-
ing the reaction (Table 1, entries 2 and 3). The addition of tetra-
butylammonium halides showed the chloride salt being superi-
or, giving comparable or even better yields than AlCl3 (Table 1,
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Figure 4: Oxidation of 3a to 4a using different iodine(III) reagents with
AlCl3 as an additive. Conditions: The turnover of an equimolar mixture
of 3a, iodine(III), and AlCl3 (10.0 µmol, respectively) in CD3CN
(500 µL) was monitored via 1H NMR spectroscopy.

entries 4–7). Investigation of other chloride sources resulted in a
reduced yield in the case of ammonium chloride and an im-
proved yield of 82% of 4a when concentrated aqueous HCl was
added (Table 1, entries 8 and 9). Other solvents did not further
increase the yield (see the full table in Supporting Information
File 1).

However, when electron-deficient p-chlorobenzyl alcohol (3b)
was used the highest yield of 4b (69%) was achieved with
TBACl as the chloride source in MeCN (Table 1, entry 10).
These optimizations lead to the conclusion that AlCl3, as pro-
posed in the initial experiments is not a Lewis acid activator but
just a chloride source. Further optimization studies improved
the yield to 78% of 4b using a concentration of 0.20 M of the
alcohol and 1.4 equiv of 1a (see Supporting Information File 1).
Finally, all NHIs were tested under the optimized conditions,
revealing the tetrazole-substituted iodane 1a to be the best
oxidant for this reaction (Table 2).

The two suitable methods (A: HCl in EtOAc; B: TBACl in
MeCN) were then applied to a variety of activated alcohols. The
best option is shown in Figure 5. Model substrate 4a could be
isolated in a high yield of 84% with reisolation of the 5-(2-iodo-
phenyl)-1H-tetrazole (6) in 90% yield. Other para-halogenated

Table 1: Varying the additive and solvent in the oxidation of electron-
rich and electron-deficient benzylic alcohols with 1a.a

Entry Additive Solvent Yield [%]

4a 4b

1 AlCl3 EtOAc 65 39
2 TsOH∙H2O EtOAc 1 1
3 NaOTs EtOAc 1 1
4 TBAF EtOAc 9 19
5 TBACl EtOAc 67 62
6 TBABr EtOAc 58 47
7 TBAI EtOAc 40 36
8 NH4Cl EtOAc 37 26
9 HCl EtOAc 82 44
10 TBACl MeCN 64 69
11b TBACl MeCN 74 78
12b HCl EtOAc 90 53

aReaction conditions: 1a (100 µmol), 3a/3b (100 µmol), and the addi-
tive (100 µmol) were stirred in the given solvent (1 mL) at 60 °C for
2.5 h and quenched with Me2S (200 µmol). bOptimum reaction condi-
tions were used: 1a (100 µmol), 3a/3b (100 µmol), and the additive
(100 µmol) were stirred in the given solvent (0.5 mL) at 60 °C for 2.5 h
and quenched with Me2S (200 µmol). The yield was determined via
1H NMR using tetraethylsilane as an internal standard.

Table 2: Testing different NHIs under the optimum conditions for oxi-
dation of electron-deficient substrate 3b.a

Iodane Yield of 4b [%]

1a 78
1b 71
1c 46
1d 29
1e 41

aReaction conditions: NHI (1a–d: 140 µmol, 1e: 70.0 µmol),
p-chlorobenzyl alcohol (3b, 100 µmol) and TBACl (100 µmol) in MeCN
(500 µL) were stirred at 60 °C for 2.5 h and quenched with Me2S
(200 µmol). The yield was determined via 1H NMR with tetraethylsi-
lane as an internal standard.

benzaldehydes 4b–f were isolated in good yields of up to 88%.
ortho-Substitution led to a lower yield of the iodinated product
4g (43%) compared to the para-iodinated analogues 4d (75%).
The ortho-phenyl-substituted aldehyde 4h was isolated in 85%
yield, while the ortho-methoxy substrate did not convert to 4i.
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Figure 5: Substrate scope of aldehydes and ketones synthesized from the corresponding alcohols. Isolated yields. Reaction conditions: 1a
(700 µmol), alcohol (500 µmol), and method A HCl (37%, 500 µmol) in EtOAc (2.5 mL) or method B TBACl (500 µmol) in MeCN (2.5 mL), respective-
ly, were stirred at 60 °C for 2.5 h and quenched with Me2S (1.40 mmol).

The ortho-, meta- and para-permutation of a CF3 group showed
lower reactivity for the ortho-substituted 4j (53%), while the
meta- and para-derivatives 4k and 4l gave higher yields of 84%
and 71%, respectively. The steric inhibition of a doubly substi-
tuted phenyl ring was observed in a diminished formation of
2,6-dichlorobenzaldehyde (4m) in 39% yield. Naphthalen-2-
ylmethanol gave aldehyde 4n in 44% yield. Pyridines 4o and 4p
were also compatible and gave good yields of 87% and 64%, re-
spectively. Unfortunately, the synthesis of vanillin (4q) was un-
successful due to undesirable oxidation reactions of the elec-
tron-rich arene. The cyclopropane derivative 4r was generated
from the cyclopropylmethanol in 53% yield. The acetylene de-
rivative 4s could not be isolated due to undesired oxidations of
the triple bond. The behavior of secondary benzylic alcohols
was tested next, giving 4-methylacetophenone (4t) in an excel-
lent yield of 97% and 1-indanone (4u) in 46%. It is worth
noting that for some derivatives oxidized by method A, an acyl-
ation of the alcohol was detected as a side reaction via mass
spectrometry. Vinyl alcohols were also studied, giving carvone

(4v) in 74% yield without oxidation of the double bonds.
Finally, other heterocyclic benzylic alcohols were investigated,
which led to undesired chlorinations in the case of benzimida-
zoles 3w and 3x and decomposition for thiophenylmethanol 3y.

Regarding the reaction mechanism, two plausible pathways can
be discussed based on literature examples (Scheme 1, path a
[17] and path b [33]). In either path, initial ligand exchange to
the hydroxy(chloro)iodane I-OH is proposed. For getting an in-
dication of a chloride-activated iodane of this type, a mixture of
NHI 1a and HCl in EtOAc was stirred for 1 h at 60 °C and an
ESI(−) mass spectrum was recorded afterward, showing an ion
I-OMe with m/z 337.0 [1a – OH + MeO + Cl]− (Scheme 1c). It
is known that methanol, which is used as a solvent in the mass
spectrometer, can be exchanged with the hydroxy group of the
NHI [21]. No such ion was measured in the mixture before
heating. This ion therefore indicates an I–Cl bond in the acti-
vated iodane. Starting from I-OH, in a potential path a) forma-
tion of hypochlorous acid is suggested, which consequently
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Scheme 1: Possible reaction mechanisms via the formation of a) a Cl(I) species and b) the formation of an alkoxyiodane IIb. Both are initialized by
the activated iodane I-OH, which was observed as c) I-OMe species in the ESI(−) MS.

oxidizes the alcohol through the alkyl hypochlorite IIa. The
second mechanism (path b) requires a direct ligand exchange of
I-OH with the alcohol and subsequent β-elimination of the
alkoxy(hydroxy)iodane IIb to form the desired aldehyde 4.

Conclusion
In conclusion, this study has successfully introduced N-hetero-
cycle-stabilized iodanes (NHIs) as effective λ3-iodane oxidants
for the selective synthesis of ketones and aldehydes, avoiding
overoxidation to carboxylic acids. The developed protocols
proved particularly effective for benzylic alcohols, yielding
good to excellent results. The beneficial role of chloride salt ad-
ditives was investigated, potentially leading to the formation of
a hydroxy(chloro)iodane intermediate. This intermediate either
liberates hypochlorous acid as the terminal oxidant or under-
goes a direct ligand exchange with the alcohol, followed by oxi-
dative elimination to form the aldehyde. Thus, these reagents
offer a viable alternative to traditional aryl-λ5-iodane-based
oxidants, although further studies are necessary to fully under-
stand their reaction mechanisms.

Experimental
General procedure for oxidation of benzylic
alcohols
1a (700 µmol, 201 mg, 1.40 equiv), benzylic alcohol (3,
500 µmol, 1.00 equiv) and method A: aqueous HCl (37%,
500 µmol, 41.6 µL, 1.00 equiv) in EtOAc (2.5 mL) or method

B: TBACl (500 µmol, 137 mg, 1.00 equiv) in MeCN (2.5 mL),
respectively, were stirred at 60 °C for 2.5 h, quenched with
Me2S (2.00 equiv) and the reaction mixture was purified via
flash column chromatography on silica.
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Abstract
The ability to investigate hypervalent iodine(V) fluorides has been limited primarily by their difficult preparation traditionally using
harsh fluorinating reagents such as trifluoromethyl hypofluorite and bromine trifluoride. Here, we report a mild and efficient route
using Selectfluor to deliver hypervalent iodine(V) fluorides in good isolated yields (72–90%). Stability studies revealed that
bicyclic difluoro(aryl)-λ5-iodane 6 was much more stable in acetonitrile-d3 than in chloroform-d1, presumably due to acetonitrile
coordinating to the iodine(V) centre and stabilising it via halogen bonding.
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Introduction
An important strategy in the drug discovery process is the incor-
poration of fluorine into biologically active molecules because
fluorine can improve bioactivity and pharmacokinetic proper-
ties [1]. Consequently, 22% of all small-molecule drugs contain
at least one fluorine atom [2]. Hypervalent iodine(III) fluorides,
such as difluoroiodotoluene 1 and fluoroiodane 2, have been
key to the development of numerous, new synthetic procedures
for C–F bond formation over the last decade. Since difluoro-
iodotoluene 1 has low chemical stability and is highly hygro-
scopic, it is often prepared in situ and Gilmour [3-8] has re-
ported a range of fluorination protocols utilising hypervalent

iodine(I/III) catalysis (Scheme 1A). Lennox has also demon-
strated that 1 can be generated cleanly by electrochemical oxi-
dation [9,10]. In an alternative approach, we reported the first
application of using fluoroiodane 2 as a fluorinating reagent in
2013 [11]. The chelate sidearm makes 2 an air-stable, easy-to-
handle solid with excellent fluorinating ability and it often ex-
hibits different reactivity to that observed with fluoroaza
reagents such as Selectfluor (Scheme 1B) [12-20].

In contrast to the chemistry of hypervalent iodine(III) reagents,
very little is known about hypervalent iodine(V) fluorides. One

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:Alison.Stuart@le.ac.uk
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Scheme 1: Examples of fluorination using hypervalent iodine(III) reagents 1 and 2.

Scheme 2: Preparations and reactions of hypervalent iodine(V) fluorides.

problem that has blocked research into these compounds has
been the lack of synthetic procedures to access them easily
because they normally require harsh fluorinating reagents. The
synthesis of hypervalent iodine(V) fluoride 3 was reported by
Amey and Martin in 1979 using the highly toxic gas, trifluoro-
methyl hypofluorite (Scheme 2A), and they later prepared
bicyclic hypervalent iodine(V) fluoride 4 using bromine trifluo-
ride (Scheme 2B) [21,22]. They also showed that hypervalent
iodine(V) fluoride 3 fluorinated phenylmagnesium bromide in
Freon-113 to form fluorobenzene in 90% yield (Scheme 2A)
and so, it is very surprising that this reagent has not been inves-
tigated further. Since then, Gruber [23] reacted a perfluorinated
iodine(III) compound with XeF2 and postulated the formation
of a (perfluoroalkyl)iodine(V) difluoride intermediate which
underwent a reductive elimination to afford perfluorinated prod-
ucts (Scheme 2C). In 2019 Togni reported a safer route to a
range of acyclic iodine(V) fluorides such as 5 (Scheme 2D)
using large excesses of trichloroisocyanuric acid (TCCA) and

potassium fluoride [24]. The iodine(V) fluorides were formed in
good spectroscopic yields (79–94%), but only one product,
tetrafluoro(4-fluorophenyl)-λ5-iodane 5, was isolated from the
reaction mixture by performing multiple extractions into hexane
under a nitrogen atmosphere in a glovebox. A similar synthetic
approach to acyclic iodine(V) fluorides was developed more
recently by Ismalaj and co-workers by reacting iodoarenes with
6 equivalents of KF and ex situ-generated chlorine gas within a
two-chamber reactor setup, but again the iodine(V) fluorides
were not isolated [25].

We became interested in developing a convenient procedure to
access these intriguing reagents and to investigate their ability
to fluorinate aryl Grignard reagents. In this paper, we report a
straightforward route to hypervalent iodine(V) fluorides by
reacting iodine(III) precursors with commercially available
Selectfluor. The method avoids large excesses of reagents and
pure iodine(V) fluorides are isolated after a simple work-up.
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Table 1: Oxidative fluorination of iodine(I) substrate 8.

Entry Reaction conditions Time (h) Yielda

6 (%) 9 (%)

1 TCCA (4 equiv), KF (6 equiv) 48 90 10
2 TCCA (4 equiv), KF (6 equiv) 24 complex mixture
3 TCCA (3 equiv), KF (6 equiv) 48 90 10
4 TCCA (3 equiv), KF (6 equiv), work-up under N2 48 99 1
5 Selectfluor (4 equiv), work-up under N2 48 85 (56) 15

aYield calculated by 1H NMR spectroscopy, isolated yield shown in parenthesis.

Results and Discussion
Preparation of bicyclic difluoro(aryl)-λ5-
iodanes
Two different types of bicyclic difluoro(aryl)-λ5-iodanes were
designed originally because of the stabilisation afforded from
two five-membered rings (Figure 1). We started our investiga-
tion with bicyclic difluoro(aryl)-λ5-iodane 6, building on the
hypervalent iodine core skeleton used in fluoroiodane 2, with an
additional 5-membered ring to stabilise the iodine(V) centre.
Both sidearms were also changed to amides because the NR
group is a point of diversity which could be used to modulate
the sterics and electronics of these novel hypervalent iodine(V)
compounds.

Figure 1: Bicyclic difluoro(aryl)-λ5-iodanes.

Initially, we applied Togni’s oxidative fluorination protocol to
iodine(I) precursor 8 (Table 1). Reacting 8 with 4 equivalents of
trichloroisocyanuric acid (TCCA) and 6 equivalents of potas-
sium fluoride in dry acetonitrile at 40 °C for 48 hours formed
difluoroiodane 6 in a 90% spectroscopic yield (Table 1, entry
1). An iodosyl decomposition product 9 was also formed during
the work-up procedure in air. When the reaction time was short-

ened to 24 hours, a complex reaction mixture was obtained
(Table 1, entry 2). Reducing the amount of TCCA to
3 equivalents (Table 1, entry 3) delivered difluoroiodane 6 in
the same 90% yield. Finally, we performed the reaction and
work-up under inert conditions and an excellent 99% yield of
difluoroiodane 6 was achieved. The main issue with this proce-
dure, however, was that we could not extract the pure difluoro-
iodane 6 into hexane and separate it from the large excesses of
TCCA. Selectfluor was therefore explored as an oxidative fluo-
rinating reagent (Table 1, entry 5). When 8 was reacted with
4 equivalents of freeze-dried Selectfluor in dry acetonitrile at
40 °C for 48 hours, difluoroiodane 6 was formed in 85% spec-
troscopic yield. However, the iodosyl decomposition product 9
was also produced in 15% spectroscopic yield, despite working
the reaction up under inert conditions.

Consequently, we decided to investigate the oxidative fluori-
nation of iodine(III) substrate 10 with Selectfluor (Table 2). We
were delighted that difluoroiodane 6 was formed in 93% spec-
troscopic yield and the iodosyl byproduct 9 was formed in a
much lower 7% spectroscopic yield, when 10 was reacted with
a large excess of Selectfluor (5.1 equivalents) in dry aceto-
nitrile at 40 °C for 48 hours (Table 2, entry 1). More important-
ly, difluoroiodane 6 was isolated successfully in an excellent
91% yield by a simple extraction into dry dichloromethane pro-
viding an efficient separation from the excess Selectfluor and its
byproduct. Reducing the amount of Selectfluor to 2.5 equiva-
lents and the reaction time to 24 hours (Table 2, entry 2)
resulted in a similar high yield of difluoroiodane 6. The reac-
tion also proceeded well at either room temperature for 24 hours
(Table 2, entry 3) or at 40 °C for 6 hours (Table 2, entry 4).
Finally, reducing the amount of Selectfluor to 1.5 equivalents
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Table 2: Oxidative fluorination with Selectfluora.

Entry Selectfluor
(equiv)

Temp. (°C) Time (h) Conversion (%) Yieldb

6 (%) 9 (%)

1 5.1 40 48 100 93 (91) 7
2 2.5 40 24 100 98 (80) 2
3 2.5 25 24 97 98 (58) 2
4 2.5 40 6 99 95 (55) 5
5 1.5 40 24 99 96 (90) 4

aAll reactions performed in dry acetonitrile with freeze-dried Selectfluor under nitrogen and work-ups performed in dry solvents under nitrogen; bYield
calculated by 1H NMR spectroscopy, isolated yield shown in parenthesis.

led to an excellent 90% isolated yield and the conclusion that
Selectfluor delivered one electrophilic fluorine (from the N–F)
and one nucleophilic fluoride (from the tetrafluoroborate, BF4

−)
to form difluoroiodane 6.

The formation of difluoroiodane 6 was identified by a singlet at
−23.0 ppm in the 19F NMR spectrum. As expected, the aromat-
ic signals in the 1H NMR spectrum shifted downfield from a
doublet at 7.21 ppm and a triplet at 7.56 ppm for iodine(III)
substrate 10 to 7.71 ppm and 7.96 ppm, respectively, for
iodine(V) product 6. Similarly, the 13C NMR spectrum showed
a major downfield shift for the aromatic carbon attached to
iodine from a chemical shift of 105.3 ppm in iodine(III) sub-
strate 10 to 132.4 ppm for difluoroiodane(V) product 6.

Since Selectfluor was shown to be the best reagent for prepar-
ing bicyclic iodine(V) difluoride 6, this route was first investi-
gated for the oxidative fluorinations of hypervalent iodine(III)
amides 11a and 11b (Scheme 3). Unfortunately, these reactions
did not work and difluoro(aryl)-λ5-iodanes 7a and 7b were not
produced. Togni’s protocol using TCCA (4 equivalents) and KF
(6 equivalents) was then applied to both bicyclic iodine(III)
amides 11a and 11b, but these reactions also failed to form
either difluoroiodane 7a or 7b.

Following the successful preparation and isolation of difluoro-
iodane 6, we investigated its ability to fluorinate PhMgBr as re-
ported with iodine(V) fluoride 3 by Amey and Martin [21].
Difluoroiodane 6 was first reacted with phenylmagnesium chlo-
ride in dry toluene at 0 °C, but fluorobenzene was not formed

Scheme 3: Attempted oxidative fluorination of hypervalent iodine(III)
amides.

under these reaction conditions. The reaction was then repeated
using phenylmagnesium bromide, but disappointingly, no
fluorination was observed. The disparity in reactivity between
difluoroiodane 6 and trifluoroiodane 3 towards aryl Grignard
reagents could be attributed to the different relationships be-
tween the fluorine ligands on the iodine(V) centre. In difluoro-
iodane 6 the fluorine ligands are restricted to a trans-configura-
tion because of the bicyclic carbon skeleton. Trifluoroiodane 3,
on the other hand, has both trans- and cis-configurations of the
fluorine ligands which could play a key role in the reductive
elimination step in the fluorination of phenylmagnesium bro-
mide. Trifluoroiodane 3 also contains two trifluoromethyl
groups in the sidearm which could alter the electronic effects
significantly. We therefore decided to prepare a small series of
monocyclic trifluoro(aryl)-λ5-iodanes, where the sidearm sub-
stituents were changed stepwise from methyl to trifluoromethyl
groups, so that we also formed an analogue of Amey and
Martin’s monocyclic trifluoroiodane 3.
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Table 3: Oxidative fluorination of monocyclic fluoroiodanes.

Entry R/R’ Product Selectfluor
(equiv)

Temp. (°C) Time (h) Yielda (%)

1 CH3/CH3 20 2.5 40 24 75
2 CH3/CF3 21 3.0 60 48 78
3 CF3/CF3 22 3.0 80 72 72

aIsolated yield.

Preparation of monocyclic trifluoro(aryl)-λ5-
iodanes
Our investigation into the synthesis of monocyclic
trifluoro(aryl)-λ5-iodanes began with the preparation of the key
iodine(III) precursors for our oxidative fluorination protocol.
Fluoroiodane 2 was already available in our laboratory [11] and
the three-step synthesis of methyl(trifluoromethyl)fluoroiodane
15 is shown in Scheme 4. The first step was a diazotisation of
2’-aminoacetophenone 12 to form 2’-iodoacetophenone 13,
which was then reacted with Ruppert’s reagent (CF3SiMe3) to
afford iodoalcohol 14 in 93% yield. In the final step iodoal-
cohol 14 underwent an oxidative fluorination with Selectfluor at
room temperature to deliver methyl(trifluoromethyl)fluoro-
iodane 15 in a good 68% yield after recrystallisation from tolu-
ene.

Scheme 4: Synthesis of methyl(trifluoromethyl)fluoroiodane 15.

Although bis(trifluoromethyl)fluoroiodane 19 has been re-
ported before [26-28], we developed a new synthetic route
which is shown in Scheme 5. In the first step trifluoromethyl-
ketone 17 was prepared by a nucleophilic acyl substitution of
methyl 2-iodobenzoate 16 with Ruppert’s reagent. Ketone 17
was then reacted with an excess of Ruppert’s reagent and TBAF
in order to form bis(trifluoromethyl)iodoalcohol 18, which was
treated with Selectfluor in the final step to deliver bis(trifluoro-
methyl)fluoroiodane 19 in 72% yield.

Scheme 5: Synthesis of bis(trifluoromethyl)fluoroiodane 19.

A small series of trifluoro(aryl)-λ5-iodanes were successfully
prepared and isolated in good yields (Table 3). Dimethyltri-
fluoroiodane 20 was readily formed under mild reaction condi-
tions using 2.5 equivalents of Selectfluor at 40 °C for 24 hours.
However, the introduction of trifluoromethyl groups to the
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Table 4: Selected average bond lengths (Å) and average bond angles (°) with estimated standard deviations (e.s.d.s.) in parenthesis for difluoro-
iodane 6, trifluoroiodane 20 and fluoroiodane 2.

Average bond lengths (Å) and bond angles (°)

6 20 2

C–I 2.031(6) 2.072(7) 2.089(5)
I–F 1.975(4) 1.963(4) –
I–F’ – 1.979(4) 2.053(3)
I–O 1.986(4) 1.924(5) 2.029(3)

F’/O–I–O 161.4(2) 167.9(2) 166.7(2)
F–I–F 172.9(2) 168.5(2) –
C–I–F 86.7(2) 85.8(3) –
C–I–F’ – 85.8(3) 86.8(2)
C–I–O 80.7(2) 82.5(2) 80.4(2)

sidearm of the iodine(III) fluoroiodanes led to harsher oxida-
tive fluorination conditions being required because the in-
creased electron-withdrawing effect made the fluoroiodane pre-
cursors more resistant to oxidation. Consequently, higher tem-
peratures, longer reaction times and more equivalents of Select-
fluor were required to prepare trifluoroiodanes 21 and 22.
Trifluoro(aryl)-λ5-iodane 22 was also prepared directly from its
iodine(I) precursor 18 in 73% isolated yield in a one-pot proce-
dure using 5.5 equivalents of Selectfluor (see Supporting Infor-
mation File 1).

Unfortunately, we were never able to replicate Amey and
Martin’s fluorination of phenylmagnesium bromide using
bis(trifluoromethyl)trifluoroiodane 22 (Scheme 6). The major
products were phenyliodane 23, presumably a result of ligand
exchange and reduction, and iodoalcohol 18. Different solvents,
temperatures and activators were investigated and the results are
shown in Table S3 in Supporting Information File 1. Fluoroben-
zene was only ever observed in trace amounts (1–3 % spectros-
copic yield) when BF3·OEt2 was added to the reaction mixture.

Scheme 6: Reaction of phenylmagnesium bromide with bis(trifluoro-
methyl)trifluoroiodane 22.

Figure 2: Molecular structure of difluoroiodane 6 showing 50% dis-
placement ellipsoids.

X-ray crystallography and DFT calculations
The solid-state structure of difluoroiodane 6 is shown in
Figure 2 and displays the expected square pyramidal geometry
around the iodine atom, with only minor distortion (τ5 = 0.191).
Since there were two unique molecules in the unit cell, Table 4
compares the average bond lengths and average bond angles of
difluoroiodane 6 with trifluoroiodane 20, which was reported by
Togni [24], and fluoroiodane 2 [11]. The I–F bond lengths in
difluoroiodane 6 (range from 1.959(4) to 1.990(4) Å) are very
similar to those in trifluoroiodane 20 (range from 1.956(4) to
1.984(4) Å), but are shorter than that in fluoroiodane 2
(2.048(3) to 2.058(3) Å) suggesting that fluorine is bound more
strongly to the iodine(V) centre than in iodine(III) compounds.
There is a similar contraction in the I–O bond lengths when
comparing iodine(V) compounds, difluoroiodane 6 (range from
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Table 5: Comparing properties of hypervalent iodine(V) fluorides with hypervalent iodine(III) fluorides 2 and 19a.

d(C–I)
(Å)

d(I–F)
(Å)

d(I–F’)
(Å)

d(I-O/N)
(Å)

qC qI qF qF‘ qO/N θF–I–F
(°)

θO-I-O/F’/
θN-I-N (°)

6 2.04 2.00b – 2.03 −0.355 1.689 −0.460 – −0.561 173.6 161.1
7a 2.06 2.00 – 2.12 −0.312 1.668 −0.426 – −0.609 175.9 156.6
7b 2.05 1.99b – 2.12 −0.314 1.667 −0.444 – −0.591 176.7 156.9

20 2.09 1.98b 1.99 1.99 −0.419 1.738 −0.453 −0.449 −0.556 171.8 168.8
21 2.09 1.98c 1.98 2.01 −0.415 1.753 −0.445d −0.439 −0.550 171.7 168.6
22 2.10 1.97b 1.97 2.03 −0.407 1.766 −0.438 −0.428 −0.540 171.4 168.5

2 2.10 – 2.04 2.07 −0.403 0.957 – −0.490 −0.574 – 167.9
19 2.10 – 2.02 2.09 −0.387 1.009 – −0.469 −0.552 – 167.8

aCalculations performed at wB97xD/cc-pvdz, with a cc-pvdz-PP basis set used for the iodine atom. C refers to ipso carbon atom, F and F’ refers to
fluorine atom bound to iodine. bStructure is nearly symmetric about F–I–F (mirror plane). cAverage between 1.99 and 1.97. dAverage between −0.441
and −0.449.

1.977(4) to 1.993(4) Å) and trifluoroiodane 20 (1.924(5) Å),
with their respective iodine(III) precursors, 10 (2.096(2) Å) [29]
and fluoroiodane 2 (2.029(3) Å). The F–I–F bond angle for
difluoroiodane 6 (172.2(2)° to 173.6(2)°) deviates from 180°,
but not to the same extent as seen with the aryl-IF4 compounds
(169.9(1) to 170.4(1)°) or with trifluoroiodane 20 (167.9(2)° to
169.0(2)°) [24]. On the other hand, the O–I–O bond angle for
difluoroiodane 6 (161.4(2)°) is much smaller than the F’–I–O
bond angles in both trifluoroiodane 20 (167.2(2)° to 168.6(2)°)
and fluoroiodane 2 (166.7(2)°), presumably due to the strain
caused by the two five-membered rings. Similar to trifluoro-
iodane 20, there are two short intermolecular I…F contacts of
2.942(4) Å and 2.999(4) Å in the packing diagram of difluoro-
iodane 6 (see Figure S1 in Supporting Information File 1).

DFT calculations were carried out to gain further insight into
the structures of iodine(V) fluorides 21 and 22 whose X-ray
structures could not be obtained, and hypothetical iodine(V)
amides 7a and 7b which could not be made. Comparisons were
made with iodine(V) compounds 6 and 20, as well as with
iodine(III) compounds 2 and 19. Geometry optimisations were
performed on all the compounds using Gaussian 16 at wB97xD/
cc-pvdz, with a cc-pvdz-PP basis set used for the iodine atom.
The calculated bond lengths and bond angles are reported in
Table 5 and are in good agreement with the solid state struc-
tures. As expected, the calculated atomic charge on iodine was
much higher for the iodine(V) fluorides (1.689–1.766) than in
the iodine(III) fluorides (0.957–1.009) resulting in shorter I–F
and I–O bond lengths. Interestingly, there is a slightly lower
charge on iodine in bicyclic iodane 6 (1.689) compared to
monocyclic trifluoroiodanes 20–22 (1.738–1.766) and the ipso
carbon atom is slightly less electronegative (−0.355 vs −0.414)
resulting in a less polar, but slightly shorter C–I bond in

difluoroiodane 6 (2.031(6) Å) compared to trifluoroiodane 20
(2.072(7) Å). As you go across the series of monocyclic tri-
fluoroiodanes 20 to 22, the I–O bond length increases slightly
due to the electron-withdrawing effect of the trifluoromethyl
groups in the sidearms and consequently, the synergistic effect
of the 3-centre-4-electron bond causes the I–F’ bond length to
decrease slightly. The only major difference between the
bicyclic and monocyclic iodine(V) fluorides is the much smaller
O–I–O bond angle (161.4(2) °) in difluoroiodane 6 compared to
the F’–I–O bond angle (167.9(2) ° in 20) in the monocyclic
iodanes 20–22. In fact, DFT calculations predicted that hypo-
thetical difluoroiodanes 7a and 7b containing the amide
sidearms would have an even more acute N–I–N bond angle
(156.6–156.9 °). Furthermore, the internal chelate NCC bond
angle in 7a/b (111.7°) was calculated to be bigger than the cor-
responding OCC angle (108.3(5)° to 109.2(5)°) in 6 due to the
sp2-hybridised carbon in 7a/b and an sp3-hybridised carbon in
6. This NCC bond angle (111.7°) would certainly increase the
angle strain in 7a/b and this, combined with the acute N–I–N
bond angle (156.6–156.9°) caused by these two five-membered
rings, could be the reason that we could not prepare these com-
pounds.

Stability studies of hypervalent iodine(V)
fluorides in solution
The stability of hypervalent iodine(V) fluorides 6, 20, 21 and 22
was studied in dry acetonitrile-d3 by 1H and 19F NMR spectros-
copy over 7 days under an argon atmosphere. All four hyperva-
lent iodine(V) fluorides were stable for the 7-day period. When
the same experiment was repeated in air, iodine(V) fluorides 6,
21 and 22 decomposed to 55–65% remaining after 7 days
presumably due to the moisture in the air, whereas trifluoro-
iodane 20 was less stable with only 37% remaining. Difluoro-
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Figure 4: Order of hydrolytic stability for the four hypervalent iodine(V) fluorides.

iodane 6 was also stable in dry chloroform-d1 under argon over
7 days, but it decomposed completely to iodosyl 9 after just
48 hours in dry chloroform-d1 in air (red line in Figure 3). The
difference in the stability of difluoroiodane 6 in CDCl3 and
CD3CN was attributed to the ability of acetonitrile to coordi-
nate to the iodine(V) centre. Stabilisation via halogen bonding
is well-established in hypervalent iodine(III) compounds and
Dutton showed that pyridine formed a weak complex with
dichloroiodobenzene via halogen bonding [30-32]. We there-
fore added dry pyridine (2.4 equivalents) to difluoroiodane 6 in
CDCl3 to help stabilise the iodine(V) centre and the rate of de-
composition was reduced significantly (green line in Figure 3).

Figure 3: Stability of difluoroiodane 6 in air in dry CD3CN (blue line),
dry CDCl3 with 2.4 equivalents of dry pyridine (green line), and dry
CDCl3 (red line).

The hydrolysis of the four hypervalent iodine(V) fluorides was
also investigated in acetonitrile-d3 by adding 5 equivalents of
water. All four compounds decomposed to their corresponding
iodosyl compounds and the order of stability is shown in
Figure 4. Difluoroiodane 6, containing two 5-membered rings,
was the most stable iodine(V) fluoride whereas monocyclic tri-
fluoroiodane 20 was the least stable and decomposed complete-
ly within the first minute. As expected, the stability of the
monocyclic trifluoroiodanes 21 and 22 was increased by the
stepwise incorporation of the trifluoromethyl groups into the
sidearm, but trifluoroiodane 22 was less stable than bicyclic
difluoro(aryl)-λ5-iodane 6.

Conclusion
In summary, we have developed a new strategy using Select-
fluor for the convenient preparation and isolation of hyperva-
lent iodine(V) fluorides in good yields (72–90%). Unfortu-
nately, none of the iodine(V) fluorides reacted with phenylmag-
nesium bromide to form fluorobenzene and we were never able
to repeat Amey and Martin’s fluorination of phenylmagnesium
bromide. A solid-state structure of 6 and DFT calculations on 6
and 20–22 gave insights into the geometries of the iodine(V)
fluorides compared to the iodine(III) precursors. DFT results
also suggested a possible reason for not being able to make
iodine(V) amides 7a and 7b. An investigation into the hydroly-
sis of the four hypervalent iodine(V) fluorides revealed that
bicyclic difluoro(aryl)-λ5-iodane 6 was more stable than mono-
cyclic trifluoro(aryl)-λ5-iodanes 20–22 due to the incorporation
of the second 5-membered ring in the 3-centre-4-electron bond.

Experimental
Dioxoiodane 10 (0.58 g, 1.8 mmol), Selectfluor (0.97 g,
2.7 mmol) and dry acetonitrile (10 mL) were charged to a dry
Schlenk flask under a nitrogen atmosphere. The flask was
sealed and heated to 40 °C for 24 hours. After cooling the reac-
tion mixture to room temperature, the solvent was removed in
vacuo to afford a crude orange solid. The orange solid was
extracted with dry dichloromethane (3 × 5 mL) under a nitrogen
atmosphere and the dichloromethane was removed in vacuo to
afford difluoroiodane 6 as a pale orange solid (0.58 g, 90%).

Supporting Information
Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre and allocated
the deposition numbers CCDC: 2351949 and 2351950.

Supporting Information File 1
Experimental procedures, characterisation data, DFT
calculations and 1H, 13C and 19F NMR spectra and
crystallographic data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-157-S1.pdf]
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Abstract
Isoquinolinone is an important heterocyclic framework in natural products and biologically active molecules, and the efficient syn-
thesis of this structural motif has received much attention in recent years. Herein, we report a (phenyliodonio)sulfamate (PISA)-
mediated, solvent-dependent synthesis of different isoquinolinone derivatives. The method provides highly chemoselective access
to 3- or 4-substituted isoquinolinone derivatives by reacting o-alkenylbenzamide derivatives with PISA in either acetonitrile or wet
hexafluoro-2-isopropanol.
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Introduction
Isoquinolinone is an important heterocyclic structure found in
many natural products and biologically active compounds, in-
cluding pharmaceuticals [1]. For instance, lycoricidine, found in
the medicinal plant Lycoris radiata, may inhibit the MCPyV LT
protein activity and thus block cancer formation [2].
Alangiumkaloids A, an isoquinolinone alkaloid isolated from
Alangium salviiforlium, was reported to exhibit cytotoxic activi-
ty against cancer cells [3]. In 2018, duvelisib, a dual inhibitor of
phosphoinositide-3 kinases, was firstly approved by the FDA
for the treatment of adult patients with relapsed or refractory

chronic lymphocytic leukaemia or small lymphocytic
lymphoma [4]. Palonosetron is a key component of Akynzeo®,
used for the prevention of acute and delayed nausea and
vomiting of cancer patients who are receiving chemotherapy
[5]. As an active compound, PF-06821497 showed potent tumor
growth inhibition in mouse xenograft models [6]. CRA-680 was
efficacious in both a house dust mouse model of allergic lung
inflammation and a guinea pig allergen challenge model of lung
inflammation [7]. In addition, isoquinolinone compounds not
only prevent and control plant diseases but also have some

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Figure 1: Selected natural products, pharmaceuticals, and biologically active compounds having an isoquinolinone scaffold.

herbicidal activity. Compound I showed good inhibitory activi-
ty against Sclerotinia sclerotiorum on detached oilseed rape
leaves [8], and compound II has excellent herbicidal activity
against dicot weeds, such as Zinnia elegans Jacq. and Abutilon
theophrasti Medicus (Figure 1) [9]. Therefore, in recent years,
isoquinolinone derivatives have attracted considerable attention,
and successful synthetic methods involving the isoquinolinone
framework have been reported.

A number of appealing methods for the synthesis of isoquinoli-
none scaffolds using transition metal reagents, including cobalt
[10], copper [11], rhodium [12-14], palladium [15-17], silver
[18], and gold [19] catalysts, have been reported. However,
compared to the widespread use of metal catalysts, the synthe-
sis of isoquinolinone scaffolds mediated by environmentally
friendly nonmetallic reagents as an attractive alternative is less
developed. In 2014, Antonchick and Manna firstly reported the
synthesis of a series of 3,4-diaryl-substituted isoquinolinone de-
rivatives through oxidative annulation between alkynes and
benzamide derivatives using iodobenzene as a catalyst and
peracetic acid as a terminal oxidant [20]. Recently, Kočovský et
al. disclosed a method employing 2-methylbenzamide and
benzonitrile to yield 3-aryl-substituted isoquinolinone deriva-
tives in the presence of n-butyllithium [21]. On the other hand,
the intramolecular oxidative cyclization is also a viable option
for the preparation of isoquinolinone derivatives. In 2020, two
reports have been published on the conversion of alkyne-teth-
ered N-alkoxybenzamides to isoquinolinones by intramolecular
oxidative annulation, either electrochemically or using the
hypervalent iodine reagent phenyliodine(III) diacetate (PIDA)
[22,23]. And more recently, Du and our group have developed a
method for the chemoselective cycloisomerization of o-alkenyl-

benzamides to 3-arylisoquinolinones, using PhIO as oxidant in
combination with a catalytic amount of trimethylsilyl trifluoro-
methanesulfonate [24]. Although considerable progress has
been made in the synthesis of isoquinolinone derivatives, there
is still the need to develop chemoselective strategies based on
easily adjustable factors, such as solvent selection to obtain 3-
or 4-substituted isoquinolinone derivatives.

In 2018, our group has reported the zwitterionic water-soluble
hypervalent iodine reagent (phenyliodonio)sulfamate (PISA). In
water, PISA is strongly acidic, and the pH value can reach 2.05
in a saturated aqueous solution. With PISA, various indoles
have been synthesized via C–H amination of 2-alkenylanilines
involving an aryl migration–intramolecular cyclization cascade
with excellent chemoselectivity in aqueous CH3CN [25].
Herein, as part of our continuing studies of heterocyclic scaf-
fold synthesis mediated by hypervalent iodine reagents, we
present the solvent-dependent chemoselective synthesis of a
series of isoquinolinones mediated by PISA using 2-alkenyl-
benzamide derivatives as substrates (Scheme 1).

Results and Discussion
We began by exploring the reaction of N-methoxy-2-(prop-1-
en-2-yl)benzamide (1a) with PISA (1.5 equiv) in anhydrous
acetonitrile at room temperature under argon atmosphere.
4-Methylisoquinolinone 2a was the sole product in the reaction,
with a yield of 86% in 20 minutes (Table 1, entry 1). Encour-
aged by this result, we added additives to the reaction with the
aim of further increasing the chemical yield of 2a. When
1.5 equivalents of water were added to the reaction, the yield of
2a dropped to 79% (Table 1, entry 2). The reduced yield of 2a
indicated that this reaction could benefit from a dry solvent.
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Scheme 1: Chemoselective and PISA-mediated, solvent-controlled synthesis of different isoquinolinone derivatives 2 and 3.

Therefore, 4 Å molecular sieves or anhydrous sodium sulfate
were added to the reaction mixture. When 4 Å molecular sieves
were added, the yield of 2a slightly increased to 88%, which
was superior to using Na2SO4 (Table 1, entries 3 and 4). Next,
different commercially available iodanes were employed as
oxidants, such as PIDA, phenyliodine(III) bis(trifluoroacetate)
(PIFA), N-tosyliminobenzyliodinane (PhINTs), iodosylbenzene
(PhIO), and Koser’s reagent (HTIB) (Table 1, entries 5–9). Of
the reagents tested, PISA gave the best result. Furthermore,
screening of different solvents showed that acetonitrile was su-
perior for this reaction (Table S1, Supporting Information
File 1). Based on the screening results, the optimized reaction
conditions for the conversion of 1a to the 4-subsitituted
isoquinolinone 2a were as follows: 1.5 equivalents of PISA and
4 Å MS in anhydrous CH3CN (0.1 M of 2a) under argon atmo-
sphere at room temperature for 20 min.

With the optimal reaction conditions in hand, we explored the
scope of the method by testing various 2-alkenylbenzamide de-
rivatives 1 (Scheme 2). When R1 was ethyl, isopropyl, cyclo-
propyl, phenyl, or hydrogen, respectively, the intramolecular
amination smoothly gave the corresponding 4-substituted
isoquinolinone products 2b,c,d–f in 51–94% yield. Notably,
when 1c was used as the substrate, the cycloisomerization prod-
uct 2c' was observed in 31% yield besides 2c in 51% yield. Ad-
ditional experiments were then carried out using N-methoxy-2-
(prop-1-en-2-yl)benzamide with different substituents R2. Both
electron-donating (methyl, alkoxy, dimethylamino) and elec-
tron-withdrawing substituents (fluoro, chloro, trifluoromethyl)
were well tolerated on the phenyl ring and gave the desired
products 2g–n in 68–95% yield. Furthermore, a substrate con-
taining a naphthalene moiety was also compatible with the reac-
tion conditions, giving the corresponding ring-fused product 2o
in 40% yield. It is worth noting that when the N-substituent was
phenyl, benzyloxy, or phenylamino, the reaction still proceeded
well, and the corresponding products 2p,q,r were obtained in
69%, 41%, and 40% yield, respectively.

Table 1: Optimization of the reaction conditions for the synthesis of
4-substituted isoquinolinone 2aa.

entry iodane additive yield of 2a, %b

1 PISA — 86
2 PISA H2O (1.5 equiv) 79
3 PISA 4 Å MS 88
4 PISA Na2SO4 81
5 PIDA 4 Å MS 52
6 PIFA 4 Å MS 77
7 PhINTs 4 Å MS 61
8 PhIO 4 Å MS 0
9 HTIB 4 Å MS 52

aReactions were carried out using 1a (0.2 mmol), hypervalent iodine
reagent (1.5 equiv), and 4 Å MS (7.6 mg) in MeCN (2.0 mL) at room
temperature under argon atmosphere. bIsolated yield.

Interestingly, when screening solvents for the synthesis of
4-methylisoquinolinones, we were surprised to discover that
when hexafluoro-2-propanol (HFIP) was used as the solvent,
3-methylisoquinolinone 3a, an isomer of 2a, was formed in
51% yield. Apparently, the change of solvent resulted in a dif-
ferent chemoselectivity of the reaction. With this in mind, we
investigated the reaction conditions (see Supporting Informa-
tion File 1 for details) and obtained the optimal conditions for
the synthesis of 3-methylisoquinolinone as follows: reacting
1.1 equivalents of PISA in HFIP (0.1 M of 1a) containing
2.5 equivalents of H2O at room temperature for 20 minutes
(Scheme 3).
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Scheme 2: Substrate scope for the synthesis of 4-substituted isoquinolinones 2. Reaction conditions: 1 (0.3 mmol), PISA (1.5 equiv), and 4 Å MS
(10 mg) in MeCN (3.0 mL).

The general applicability of PISA in wet HFIP solvent was
studied. When R1 was ethyl, isopropyl, cyclopropyl, or hydro-
gen, respectively, the substrates could be successfully con-
verted to the products 3b–d and 2f in 52–87% yield with this
method. In addition, a good or high yield of 3-methylisoquinoli-
nones 3e–k, with different substituents on the phenyl ring, was
also obtained. It is worth noting that when an electron-with-

drawing group (trifluoromethyl, fluoro, chloro) was located on
the phenyl ring, various amounts of 4-substituted isoquinoli-
none derivatives 2k,m,n were observed along with the forma-
tion of 3h,j,k, respectively. Furthermore, a substrate containing
a naphthalene unit was also compatible with the reaction condi-
tions, leading to 3l. In particular, the presence of diverse
nitrogen protecting groups, such as benzyloxy, phenyl, and
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Scheme 4: Substrate scope for the synthesis of 3-substituted isoquinolinones 3. Reaction conditions: 1 (0.3 mmol), PISA (1.1 equiv), and H2O
(2.5 equiv) in HFIP (3.0 mL) at room temperature. Isolated yield is stated. aThe yield of 2k was 56%. bThe yield of 2m was 24%. cThe yield of 2n was
11%.

Scheme 3: Optimal reaction conditions for the synthesis of 3-substi-
tuted isoquinolinone 3a.

alkyl, did not affect the smooth reaction, affording 3m–o in a
moderate yield of 32–64% (Scheme 4). Just by changing the
solvent of the reaction, we were able to obtain the isomeric 3-
or 4-substituted isoquinolinone derivatives with excellent
chemoselectivity. These interesting findings led us to investi-
gate the reaction mechanism.

To gain insight into the mechanism and chemoselectivity of the
reactions above, we performed a control experiment. With
acetonitrile as the solvent, a radical clock experiment was
carried out with 1d under the optimal reaction conditions, re-
sulting in the formation of 2d in 54% yield, and no cyclopropyl
ring opening products were observed. This result suggested that
no radical intermediates were generated during the reaction
(Scheme 5).

According to the aforementioned control experiment and litera-
ture precedents, we proposed a mechanism for the formation of
4-substituted isoquinolinone derivatives, including 2a. The
reaction begins by tautomerization of 1a, and PISA undergoes
an electrophilic reaction with 1a' to form the iodane intermedi-
ate A. The iodane A then undergoes a proton shift to provide
intermediate B. Intermediate B collapses via reductive elimina-
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Scheme 6: Proposed mechanism for the reaction between 1a and PISA in anhydrous acetonitrile.

Scheme 7: Two other resonance structures of the intermediate 1CC.

Scheme 5: Control experiment to test for radical intermediates.

tion to give nitrenium ion C, along with the release of iodo-
benzene and sulfamate. Finally, nucleophilic attack of the olefin
moiety of C on the electrophilic nitrogen atom, followed by the
deprotonation with sulfamate, gives the 4-substituted isoquino-
linone derivative 2a (Scheme 6).

Looking into the formation of 2c' from 1c (Scheme 2), two
other resonance structures for the initially formed intermediate
1CC, namely 1CC' and 1CC'', are shown in Scheme 7. The
oxygen atom in the amide motif of the substrate 1c may act as
an electrophilic center, forming a C–O bond with the alkenyl
group to give the isochromen-1-one oxime product 2c'.

When wet HFIP was used as the solvent, the reaction followed a
different pathway. HFIP, a strong hydrogen bonding donor [26-
28], interacts with the amide moiety of the substrate, and thus
preventing the possible interaction between the amide moiety
and PISA, as opposed to CH3CN. The olefin moiety of the com-
plex then interacts with the exposed central iodine(III) atom in
PISA [25], forming the intermediate D. Similar cyclic iodo-
nium intermediates were also postulated for the synthesis of



Beilstein J. Org. Chem. 2024, 20, 1914–1921.

1920

Scheme 8: Proposed mechanism for the reaction between 1a and PISA in wet HFIP.

benzofuran derivatives from styrene derivatives by iodane
reagents [29,30]. Subsequently, intermediate D is attacked by
H2O at the benzylic carbon atom to afford intermediate E. Intra-
molecular proton shift occurs, generating the intermediate F,
which undergoes phenyl migration and reductive elimination,
along with the release of iodobenzene and sulfamic acid. Cycli-
zation of protonated G takes place to afford the intermediate H.
Finally, release of water and β-proton elimination produces the
rearranged product 3a (Scheme 8).

Conclusion
In summary, we reported the efficient synthesis of isoquinoli-
none derivatives using a PISA-mediated methodology that
chemoselectively yielded 3- or 4-substituted isoquinolinone de-
rivatives by simply adjusting the solvent. When acetonitrile was
used, the 4-substituted isoquinolinone derivatives were the reac-
tion products, whereas hexafluoro-2-propanol led to 3-substi-
tuted isoquinolinones. The solvent-dependent chemoselective
synthesis of isoquinolinone derivatives is interesting and
unprecedented. Further research on synthetic utility of PISA, a
unique zwitterionic hypervalent iodine(III) reagent, is under-
way in our laboratory.
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Abstract
Iminoiodinanes comprise a class of hypervalent iodine reagents that is often encountered in nitrogen-group transfer (NGT) cataly-
sis. In general, transition metal catalysts are required to effect efficient NGT to unactivated olefins because iminoiodinanes are
insufficiently electrophilic to engage in direct aziridination chemistry. Here, we demonstrate that 1,1,1,3,3,3-hexafluoroisopropanol
(HFIP) activates N-arylsulfonamide-derived iminoiodinanes for the metal-free aziridination of unactivated olefins. 1H NMR and
cyclic voltammetry (CV) studies indicate that hydrogen-bonding between HFIP and the iminoiodinane generates an oxidant capable
of direct NGT to unactivated olefins. Stereochemical scrambling during aziridination of 1,2-disubstituted olefins is observed and
interpreted as evidence that aziridination proceeds via a carbocation intermediate that subsequently cyclizes. These results demon-
strate a simple method for activating iminoiodinane reagents, provide analysis of the extent of activation achieved by H-bonding,
and indicate the potential for chemical non-innocence of fluorinated alcohol solvents in NGT catalysis.
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Introduction
Hypervalent iodine reagents find widespread application in
selective oxidation chemistry due to the combination of synthet-
ically tunable iodine-centered electrophilicity and the diversity
of substrate functionalization mechanisms that can be accessed
[1,2]. Large families of iodine(III)- and iodine(V)-based
reagents have been developed – including iodobenzene diac-
etate (PhI(OAc)2, PIDA), Koser’s reagent (PhI(OH)OTs),
Zhdankin’s  reagent  (C6H4(o-COO)IN3 ,  ABX),  and

Dess–Martin periodinane (DMP) – and find application in an
array of synthetically important transformations including olefin
difunctionalization, carbonyl desaturation, alcohol oxidation,
and C–H functionalization [3,4]. Iminoiodinanes (ArI=NR) are
a subclass of hypervalent iodine reagents that function as
nitrene equivalents in synthesis [5,6]. The direct reaction of
iminoiodinanes with olefins, which could be envisioned to give
rise to aziridines directly, is typically not observed and thus
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Scheme 1: a) Lewis acid activation of hypervalent iodine reagents can enhance the reactivity of these reagents. b) Charge-tagged iminoiodinanes
display enhanced reactivity in aziridination reactions with unactivated olefins (ref. [34]). c) Here, we demonstrate that H-bonding between fluorinated
alcohol solvents and iminoiodinanes can enable direct metal-free aziridination of unactivated olefins with simple iminoiodinanes.

families of transition metal catalysts or photochemical proce-
dures have been developed to enable this transformation [7-9].

The reactivity of hypervalent iodine reagents can be enhanced
via Lewis acid catalysis [10]. For example, PIDA becomes a
stronger oxidant upon coordination of BF3·OEt2, enabling
chemistry that was not available in the absence of Lewis acid
activation (Scheme 1a) [11,12]. A variety of Lewis acid activa-
tors have been reported [13-22] in an array of group-transfer
reactions, including trifluoromethylation, cyanation, and fluori-
nation. Brønsted acid activation has also been described in some
group-transfer schemes [23-25], and in particular, fluorinated
alcohol solvents, such as 1,1,1,3,3,3-hexafluoroisopropanol
(HFIP), have been reported to enhance hypervalent iodine reac-
tivity by providing a H-bonding solvent cluster that enhances
the electrophilicity of the iodine center [26,27]. Despite the
prevalence of acid-activation in promoting carbon [28], oxygen
[29,30], sulfur [31], chlorine [32], and fluorine [33] transfer
reactions of hypervalent iodine compounds, these strategies
have not been applied to activation of iminoiodinanes for
nitrene transfer chemistry.

We recently developed a metal-free aziridination of unactivated
olefins via the intermediacy of an N-pyridinium iminoiodinane
(Scheme 1b) [34]. We rationalized the enhanced reactivity

towards olefin aziridination as a result of charge-enhanced
iodine-centered electrophilicity arising from the cationic N-pyri-
dinium substituent. Based on those observations, we reasoned
that similarly enhanced reactivity might be accessed by Lewis
acid or H-bond activated iminoiodinanes. Here, we describe the
HFIP-promoted aziridination of unactivated olefins with N-sul-
fonyl iminoiodinane reagents, which are among the most
frequently encountered iminoiodinanes in NGT catalysis
(Scheme 1c). This simple procedure afforded the formal
transfer of various nitrogen groups, including those derived
from complex amines, and is complementary to other metal-free
aziridinations of unactivated olefins [35-39].

Results and Discussion
Treatment of cyclohexene (1a) with a stoichiometric amount of
simple iminoiodinane such as PhINTs (2a) in CH2Cl2 resulted
in <10% conversion to the corresponding N-sulfonylaziridine
3a, which is consistent with the previously reported need for
transition metal catalysts to promote nitrene transfer catalysis
(Table 1, entry 1) [40,41]. In contrast, combination of PhINTs
(2.0 equiv) with 1a in HFIP afforded 3a in 67% NMR yield
(Table 1, entry 2). Lowering the loading of iminoiodinane 2a to
1.5 or 1.0 equivalents decreased the reaction yield to 28% and
22%, respectively (Table 1, entries 3 and 4). Increasing the
reaction temperature negatively affected the efficiency of azirid-
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Table 1: Optimization of HFIP-promoted aziridination of cyclohexene
(1a). Conditions: 0.20 mmol 1a, 0.40 mmol PhINTs 2a, 1.0 mL HFIP,
N2 atmosphere, 20 °C, 16 h. Yield was determined via 1H NMR using
triethyl 1,3,5-benzenetricarboxylate as internal standard.

Entry Deviation from standard conditions Yield (%)

1 CH2Cl2 <10%
2 none 67
3 1.5 equiv PhINTs 28
4 1.0 equiv PhINTs 22
5 30 °C 50
6 50 °C 43
7 TFE 16
8 10 equiv HFIP in CH2Cl2 38
9 5 equiv BF3·Et2O, TfOH, or Zn(OTf)2

in CH2Cl2,
0

10 1 equiv 4 and 1 equiv 5 instead of 2a 19
11 1 equiv 4 and 2 equiv 5 instead of 2a 27
12 no ambient light 64

ination: Reactions performed at 30 or 50 °C afforded 3a in 50%
and 43% yield, respectively (Table 1, entries 5 and 6).
Replacing HFIP with 2,2,2-trifluoroethanol (TFE), which is also
a commonly encountered fluorinated alcohol solvent, resulted in
a 16% yield of 3a (Table 1, entry 7). Performing aziridination
with 10 equivalents of HFIP in CH2Cl2 resulted in a 38% yield
(Table 1, entry 8). The aziridine product 3a was not observed
when other Lewis or Brønsted acids, such as BF3·Et2O, TfOH,
or Zn(OTf)2, were employed in CH2Cl2 (Table 1, entry 9).
Attempts to generate 2a in situ using 1 equivalent of TsNH2 (4)
in combination with 1 or 2 equivalents of PhIO (5) resulted in
aziridination yields of 19% and 27%, respectively (Table 1,
entries 10 and 11). Finally, exclusion of ambient light had no
impact of the aziridination of 1a with PhINTs (Table 1, entry
12) [42,43].

With metal-free aziridination conditions in hand, we explored
the scope and limitations of the HFIP-promoted aziridination of
unactivated olefins (Scheme 2). For cyclic substrates, aziridina-
tion of cyclopentene, cyclohexene, and cycloheptene afforded
the corresponding aziridines in modest to high isolated yields:
3b (80%), 3a (46%), and 3c (36%), respectively. Acyclic olefin
1-hexene underwent aziridination to 3d in 79% yield (reaction
performed at 50 °C); aziridination of vinylcyclohexane
proceeded in 67% yield of 3e. Allylbenzene engaged in aziridi-
nation to deliver 3f in 53% yield, while homoallylbenzene and
pent-4-en-1-ylbenzene underwent aziridination in yields of 54%

(3g) and 26% (3h), respectively. The procedure was compati-
ble with various commonly encountered functional groups, such
as chloride (3i), bromide (3j), and benzoyl (3k). Noticeably, an
unprotected alcohol is tolerated in our procedure, with product
3l delivered at 50% NMR yield; 3l is sensitive to column chro-
matography, and thus aziridine-opening to a cyclic ether was
observed (31% isolated yield) during purification. Aziridina-
tion of cis- or trans-4-octene afforded aziridine 3m as a 1.3:1.0
trans/cis mixture in 72% and 64% yield, respectively. While
many styrene derivatives polymerize in HFIP [44], 1,2-disubsti-
tuted styrene derivatives were sufficiently stable to engage in
the developed aziridination reaction, with cis- or trans-β-
methylstyrene 1n furnishing aziridine 3n as diastereomeric mix-
tures with comparable yields of 38% (1.0:2.0 trans/cis, from
cis-1n) and 35% (1.7:1.0 trans/cis, from trans-1n). Olefins con-
taining N-heteroaromatics such as phthalimide and pyridine
underwent aziridination to give 3o (32% yield) and 3p (26%
yield). Similarly, 1,4-cyclohexadiene was compatible in this
procedure, giving product 3q in 21% yield (see Supporting
Information File 1, Figure S1 for other challenging substrates).
Finally, ibuprofen-derived olefin 1r underwent aziridination to
afford 3r in 31% yield. Overall, these results highlight the effi-
cacy of a simple activation protocol and the generality of
H-bond activation of iminoiodinanes for direct aziridination,
albeit with modest efficiency for some substrates.

The impact of the iminoiodinane structure on the efficiency of
HFIP-promoted direct aziridination was next investigated
(Scheme 3). For this purpose, cyclopentene was selected as it
underwent efficient aziridination with PhINTs. A family of
iminoiodinanes 2 was synthesized from PIDA and the corre-
sponding sulfonamide derivative. Reaction of phenylsulfon-
amide-derived iminoiodinane with cyclopentene afforded
N-phenylsulfonylaziridine 6b in 45% yield, while N-(p-trifluo-
romethylsulfonyl)aziridine 6c was furnished in 47% yield.
Similarly, 2,6-difluorosulfonyl-substituted iminoiodinane 2d
afforded aziridine 6d in 52% yield. The aziridination procedure
was tolerant of heterocyclic substituents on the iminoiodinane,
N-(5-methylpyridin-2-ylsulfonyl)aziridine 6e could be obtained
in 46% yield. The N-Tces group (Tces = trichloroethylsulfa-
mate) could also be transferred to afford 6f in 39% yield.
Finally, the iminoiodinane derived from celecoxib (2i) could be
used to transfer this drug moiety to furnish aziridine 6i in 46%
yield. In general, the efficiency of aziridination correlates with
the stability of the relevant iminoiodinane reagent, with higher
yields attributed to more electron-rich sulfonamide substitution
such as 2a. Relatively electron-deficient iminoiodinanes are less
efficient but are also more prone to decomposition (see Sup-
porting Information File 1, Figure S2 for challenging iminoiodi-
nanes). In situ preparation of the iminoiodinane intermediates is
possible, and for those reagents that undergo facile decomposi-
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Scheme 2: Scope and limitations of HFIP-promoted direct aziridination with iminoiodinane reagents. Conditions: 0.20 mmol 1, 0.40 mmol 2a, 1.0 mL
HFIP, N2 atmosphere. a) 20 °C for 16 h, b) 50 °C for 16 h, c) 50 °C for 48 h, d) NMR yield, e) 1.2 equiv PhINTs was used, and f) 4.0 equiv of PhINTs
at 20 °C for 48 h.

tion, aziridination is more efficient using these conditions
(yields for in situ-generated iminoiodinanes are in parentheses
in Scheme 3, with N-o-methyl (6g) and N-p-methoxysulfonyl
(6h) aziridines obtained each in 22% yield; the drug topiramate
could also be transferred to furnish aziridine 6j in 11% yield).

We carried out a series of experiments to clarify the origin of
the observed reactivity enhancement of N-arylsulfonyliminoiod-
inanes in the presence of HFIP (Scheme 4). First, 1H NMR was
employed to examine the interaction between HFIP and
iminoiodinane 2c in CD3CN (compound 2c was chosen over 2a
due to its increased solubility in nonprotic solvents). In a sam-
ple of 2c with 4 equivalents of HFIP, a broad signal for O–H
proton of HFIP was observed at 5.52 ppm with a FWHM =
56.6 Hz (Scheme 4a). This resonance was broader and more
downfield than that of free HFIP in CD3CN (5.41 ppm with

FWHM = 5.0 Hz), suggesting a hydrogen bonding interaction
between HFIP and 2c, and similar observations were also re-
ported for the hydrogen bonding between HFIP and PIDA
[30,33]. During this experiment, a small amount of hydrolysis
product 4-(trifluoromethyl)benzenesulfonamide was also ob-
served (1.2 mM, signals at 8.0, 7.9, and 5.86 ppm), but this
compound did not greatly contribute to the broadening of O–H
proton signal of HFIP as a separate 4.0 mM sample of the
sulfonamide resulted in O–H proton signal of HFIP being at
5.64 ppm with FWHM = 11.3 Hz. Second, to evaluate the
impact of HFIP on the redox chemistry of PhINTs, we collected
cyclic voltammograms (CVs) of iminoiodinane 2c in MeCN in
the presence of varying HFIP increments (Scheme 4b). The CV
of 25 µL HFIP in MeCN showed no electrochemical events be-
tween −2.0–0 V. The CV of 2c in the absence of HFIP showed
a reductive current (ip = −0.80 mA) at peak potential (Epr) of
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Scheme 3: Scope of nitrogen group transfer in the aziridination of aliphatic olefins. Conditions using synthesized iminoiodinane: 0.20 mmol cyclopen-
tene (1b), 0.40 mmol iminoiodinane 2, 1.0 mL HFIP, N2 atmosphere. Conditions using in situ-generated iminoiodinane: 0.20 mmol cyclopentene (1b),
0.20 mmol sulfonamide, 0.40 mmol iodosylbenzene (PhIO), 1.0 mL HFIP, N2 atmosphere. a) 20 °C for 16 h, b) 40 °C for 16 h.

–1.72 V vs Fc+/Fc. Upon addition of 5.0 µL of HFIP (1.2 equiv
with respect to 2c), the current increased to −1.22 mA, signaling
the binding of HFIP to 2c enhanced the electron transfer
kinetics between the hypervalent iodine reagent and the elec-
trode [45]. Further additions of HFIP further increased the cur-
rent response and shifted the peak potential, with 10 µL and
15 µL of HFIP showing responses with Epr at −1.55 V and
−1.52 V, respectively. The titration showed a saturation point at
25 µL of HFIP (6.0 equiv with respect to 2c), at which the CV
of 2c showed an Epr = –1.47 V and –1.52 mA current. Overall,
the addition of HFIP results in a 250 mV shift in the reduction
of 2c. The increased facility of reduction is consistent with
H-bonding between HFIP and 2c, which results in a more po-
tent oxidant and gives rise to the observed HFIP-promoted
olefin aziridination chemistry.

A number of observations are relevant to the mechanism by
which unactivated olefin aziridination is accomplished by the
HFIP-activated iminoiodinanes: First, the reaction of PhINTs

with either cis- or trans-β-methylstyrene (1n) in HFIP afforded
aziridine 3n as a mixture of 2.0:1.0 cis/trans (from cis-1n) and
1.0:1.7 cis/trans (from trans-1n) (Scheme 4c). The formation of
diastereomeric mixtures suggests that aziridination proceeds in
a stepwise fashion. The dissimilarity of the diastereomeric
ratios from cis- and trans- starting materials indicates that the
potential intermediate is too short lived for complete ablation of
the starting material stereochemistry. Second, the aziridination
of cyclopentene by PhINTs in the presence of a radical trap
N-tert-butyl-α-phenylnitrone (PBN) afforded the aziridine prod-
uct 3b in 60% NMR yield (Scheme 4d), suggesting a radical
pathway was unlikely to be operative.

An 1H NMR experiment was carried out to probe the specia-
tion of 2a in HFIP, and we observed that 2a underwent revers-
ible ligand exchange with alcohol solvent to afford ArI(OR)2
and TsNH2 (Supporting Information File 1, Figure S3); similar
solvolysis of PhIO in HFIP has been reported [10]. Reaction be-
tween cyclohexene and PhIO (2 equiv) in HFIP delivered <10%



Beilstein J. Org. Chem. 2024, 20, 2305–2312.

2310

Scheme 4: a) The broadening of the hydroxide proton (denoted by asterisk *) of HFIP in the presence of iminoiodinane 2c suggesting hydrogen bond-
ing observed in 1H NMR spectra (CD3CN) of: 8.0 mM 2c with no HFIP (blue line), 8.0 mM 2c with 32 mM HFIP (green line), 4.0 mM of 4-(trifluoro-
methyl)benzenesulfonamide with 32 mM HFIP (purple line), only 32 mM HFIP (red line). b) Cyclic voltammogram of iminoiodinane 2c (8.0 mM) with
varying amounts of HFIP in 5.0 mL solution of MeCN (0.10 M TBABF4) under N2 atmosphere: 2c with no HFIP (black line); 2c with 5, 10, 15 µL HFIP
(grey line); 2c with 25 µL HFIP (red line); only 25 µL (blue line). c) Diastereomeric mixtures of aziridines are obtained from aziridination reactions of
cis- or trans-β-methylstyrene, suggesting aziridine formation likely to operate via a step-wise pathway. d) Aziridination is not impacted by the pres-
ence of potential radical traps. e) PhIO, potentially generated by PhINTs hydrolysis, can give rise to epoxidation products. Epoxides are not on-path to
the observed aziridines. f) Proposed reaction mechanism.

of cyclohexene oxide; meanwhile, both cyclohexene and cyclo-
hexene oxide were shown to be unreactive towards sulfon-
amide (Scheme 4e), suggesting that epoxidation is not on path
to the observed aziridines. For discussion of side-products and
reaction mass balance, see Figure S4 (Supporting Information
File 1). Based on these observations, we favor a mechanism in
which H-bond activated iminoiodinane reacts directly with the
olefin to generate a short-lived alkyl-bound iodinane 7 or iodo-
nium species 8 (Scheme 4f). Ligand coupling from 7 or extru-
sion of iodobenzene from 8 would furnish a carbocation inter-
mediate 9 which could undergo C–C bond rotation prior to ring
closure to form the aziridine product. Such a process would
account for the simultaneous stereochemical scrambling ob-
served and the lack of radical trapping noted.

Conclusion
In conclusion, we describe the activation of simple iminoiodi-
nane reagents by fluorinated alcohols, such as HFIP. While
most iminoiodinane reagents do not engage aliphatic olefins in
the absence of transition metal catalysts, the addition of HFIP

enables direct aziridination to be observed. The enhanced reac-
tivity is rationalized as resulting from H-bonding between HFIP
and the nitrogen center of the iminoiodinane reagents. 1H NMR
data are consistent with such an association and electrochemi-
cal data collected in the presence of increasing HFIP concentra-
tions are consistent with H-bonding affording an increasingly
strong oxidant. These results demonstrate a simple method for
activating iminoiodinane reagents and indicate the potential for
chemical non-innocence of fluorinated alcohol solvents in NGT
catalysis.
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Abstract
Diaryliodonium(III) salts have been established as powerful halogen-bond donors in recent years. Herein, a new structural motif for
this compound class was developed: iodoloisoxazolium salts, bearing a cyclic five-membered iodolium core fused with an isoxa-
zole ring. A derivative of this class was synthesized and investigated in the solid state by X-ray crystallography. Finally, the poten-
tial as halogen-bonding activator was benchmarked in solution in the gold-catalyzed cyclization of a propargyl amide.

2401

Introduction
The compound class of diaryliodonium (DAI) salts has been
known since the end of the 19th century and their use as aryl-
transfer reagents has been widely explored [1-3]. The applica-
tion as Lewis acid catalysts, on the other hand, has only gained
interest in the last ten years after a first report by Han and Liu in
2015 on their use as catalysts in a Mannich reaction [4]. In
2018, our group showed in a proof-of-principle study [5] that
the Lewis acid catalysis by DAI salts is based on halogen bond-
ing (XB), an interaction between a Lewis base (XB acceptor)
and an electrophilic halogen atom in the Lewis acid (XB donor)
[6-10]. In organocatalysis, previously only iodine(I)-based

Lewis acids had been applied. However, after this study, the ap-
plication of DAI salts as XB donors gained increasing interest
and was investigated by several groups [11]. In the last years,
important information about structure–activity relationships was
also obtained: in a titration study by Mayer and Legault it was
determined that cyclic five-membered DAI salts, so-called
iodolium compounds, are significantly stronger Lewis acids
than their less-stable acyclic counterparts [12]. By using the ac-
tivation of alkyl halides as a benchmark, our group later re-
ported that six-membered core structures are also weaker XB
donors (iodininium 3OTf) than iodolium 1OTf [13]. Further-

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:stefan.m.huber@ruhr-uni-bochum.de
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Figure 1: Set of literature-known monocationic cyclic diaryliodonium(III) salts that were applied as XB donors (Z = OTf, BArF24).

Scheme 1: Synthesis of the iodoloisoxazolium salts 7Z: (a) 1.5 equiv 9, 0.2 equiv CuI, 2.0 equiv K2CO3, (THF), 0.1 M, 135 h at rt, 43%, (b) 1.5 equiv
mCPBA, 3.0 equiv TfOH (at 0 °C), (DCM), 0.1 M, 20 h at rt, 85%, (c) 1.0 equiv NaBArF24, (acetone), 0.5 M, 2 h at 50 °C under microwave irradiation,
72%.

more, the importance of substituents in the core and on the outer
rings was demonstrated (XB donors 2OTf and 4OTf). Nachts-
heim reported the synthesis of N-heterocyclic substituted mono-
cationic iodolium salts like derivatives 5Z and 6Z (Figure 1)
[14,15]. Their benchmark studies showed significant activity
differences amongst them and superior performance compared
to prototypical iodolium 1Z. Significant upgrades to DAI-based
XB catalysts were made in the form of bidentate and dicationic
XB donors [16,17] from our group as well as of dicationic
N-heterocyclic-substituted monodentate catalysts by Nachts-
heim [15]. While such compounds are necessary to activate
neutral substrates in more challenging reactions, monodentate
and monocationic congeners provide sufficient activation in
halide abstractions, e.g. to activate gold chloride complexes
[18,19]. Therefore, besides the development of new bidentate
catalyst motifs, we were still interested in the optimization of
these “simpler” derivatives. Thus, we designed a new catalyst

motif [20] featuring an isoxazole ring, XB donor 7Z, and com-
pared it with our known iodonium species in the activation of
Au(I)–Cl bonds.

Results and Discussion
As immediate precursor to the target structure 7Z, the literature-
known isoxazole 10 was synthesized via a Cu(I)-catalyzed
cycloaddition between (2-iodophenyl)acetylene (8) and benzyl
nitrile oxide, which is produced in situ from the imidoyl chlo-
ride 9 [21]. The one-pot oxidation and ring-closure reaction
[22,23] to iodoloisoxazolium(III) salt 7OTf and the salt metathe-
sis with sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
(NaBArF24) were then realized with 85% and 72% yield, re-
spectively (Scheme 1).

The triflate salt 7OTf was transformed into the corresponding
bromide salt by XB-activated solvolysis of α-methylbenzyl bro-
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Scheme 2: Gold(I)-catalyzed cyclization of propargylic amide 11 as benchmark reaction for Au–Cl activation.

mide in wet acetonitrile [13]. The DAI salt 7Br crystallized
from this solution in the monoclinic space group P21/n with a
cell volume of 1447.91(3) Å3 (a = 5.4707(1) Å, b =
10.9139(1) Å, c = 24.3668(3) Å, β = 95.601(1)°) and a density
of 2.01865 g/cm3. Two units of the cationic XB donor form a
dimer, which is bridged via two bromide ions (Figure 2). As
usual for DAI salts, two XB axes are found on the elongations
of the C–I bonds. On the one trans to the isoxazolium unit,
halogen bonding [I1···Br1 = 3.0610(5) Å, 80% of Σr, and
C8–I1···Br1 = 171.67(9)°] and hydrogen bonding were found
[H2···Br1 = 2.7991(4) Å, 95% of Σr, C2···Br1 = 3.545(4) Å,
100% of Σr and C2–H2···Br1 = 136.1(2)°]. On the other axis, no
ortho proton is present, so only XB is observed [I1···Br1 =
3.2023(5) Å, 84% of Σr, and C1–I1···Br1 = 176.08(9)°]. The
bond distances indicate that the hydrogen bond is noticeably
weaker than the two XBs and thus constitutes merely an
assisting interaction.

The XB interactions in this crystal structure were compared to
the ones in the literature-known co-crystal of prototypic
iodolium 1BArF with bromide (CCDC: 1145291) [5]. For the
latter, such a dimeric binding motif was also found, with I–Br
bond lengths of 3.1936(9) Å [83% of Σr] and 3.2299(9) Å [84%
of Σr]. It can be concluded that stronger halogen bonding can be
found in the crystal structure of iodoloisoxazolium 7Br, which
hints that also in solution stronger binding to Lewis bases and
therefore higher activity as catalyst may be expected (compared
to prototypic iodolium 1Z).

As a benchmark for the halogen-bonding strength in solution,
the activation of (PPh3)AuCl was chosen. The activated gold(I)
complex was applied as catalyst for the cyclization of propar-
gylic amide 11, a typical benchmark reaction in gold catalysis
(Scheme 2) [24-27], which had previously already been acti-
vated by iodine(I) and iodine(III)-based XB donors [15,18].

Figure 2: Halogen bonding dimer found in the crystal structure of 7Br.
Ellipsoids are shown at 50% probability (carbon: grey, nitrogen: blue,
oxygen: red, bromine: orange, iodine: purple) and hydrogen atoms are
shown in standard ball-and-stick model (white). Halogen and hydro-
gen bonding is indicated dashed.

To evaluate the activity of the new iodoloisoxazolium 7BArF, it
was compared to the four monodentate iodine(III)-based XB
donors 1BArF–4BArF (Scheme 2), which had been applied in a
previous study by our group as triflate salts and which had
shown strong differences in XB donor strength [13]. While the
six-membered iodininium salt 3OTf proved to be markedly
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Figure 3: 1H NMR kinetics of the gold-catalyzed cyclization shown in Scheme 2. An equimolar amount of the gold complex was applied, respectively.
Every experiment was performed three times (see Supporting Information File 1).

weaker than prototypic iodolium 1OTf, the oxygen-bridged
iodoxinium 4OTf exhibited improved performance and the poly-
fluorinated iodolium 2OTf was by far the most active. A
previous study on gold activation by halogen bonding showed
significantly higher activity when the weakly coordinating
counteranion tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
(−BArF24) was used instead of triflate [18]. Therefore, standard
anion metathesis procedures were employed to prepare the salts
1BArF–4BArF (see Supporting Information File 1).

Similarly to our previous report on this gold activation, the gold
complex (PPh3)AuCl was applied with a catalyst loading of
2 mol %, activated by an equal amount of the DAI salt. Due to
solubility issues, the reaction had to be performed in methylene
chloride instead of chloroform. The gold-catalyzed cyclization
reaction (Scheme 2) was followed via 1H NMR spectroscopy
(Figure 3).

When applying the six-membered cyclic DAI salt 3BArF as an
activator, the lowest activity was observed, reaching ≈80%
conversion after 18 h (≈5% after 2 h). It has to be noted that a
sigmoidal curve was observed. This indicates that the activity of
the catalyst system increases over time. A preactivation process

between the XB donor, the gold complex, or the amide can be
assumed. Such a sigmoidal curve for this reaction has also been
observed in one of the previous studies on the XB activation of
gold complexes [15]. The prototypic iodolium 1BArF showed
significantly better results reaching ≈85% conversion after
already 4 h (≈55% after 2 h) and the oxygen-bridged iodox-
inium 4BArF performed slightly better (≈70% after 2 h). For
these two catalysts, a very slight sigmoidal curve shape was
also observed. The polyfluorinated XB donor 2BArF performed
the best, with ≈90% conversion after 2 h. The resulting order of
catalytic activity of these halogen-bond donors is in line with
the above-mentioned previous benchmark of these activators
[13]. Finally, also the new iodoloisoxazolium salt 7BArF was
applied and a comparably high activity was observed (ca. 85%
conversion after 2 h). This result marks this halogen-bond donor
as the second-best activator out of this set of compounds.
Furthermore, the three strongest XB donors 2BArF, 4BArF, and
7BArF were also applied at a catalyst loading of 0.5 mol % (with
an equimolar amount of (PPh3)AuCl). Both, the tetrafluo-
roiodolium 2BArF and the iodoloisoxazolium 7BArF are still
effective activators even at such low catalyst-system loadings.
The tetrafluoroiodolium 2BArF yields a conversion of almost
80% and the iodoloisoxazolium 7BArF one of almost 70% after
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4 h. In comparison, the iodoxinium salt 4BArF also featured a
sigmoidal curve shape and a significantly slower activation,
which results in an amide consumption of only ca. 30% after
4 hours. To quantify the activity differences of these XB
donors, the reaction kinetics were fitted according to a pseudo-
first-order rate. Only selected periods (the first four data points
within the first 1.5 hours of reaction) were considered, as such a
coarse approximation cannot be applied after reaching the
plateau due to equilibrium processes (see Supporting Informa-
tion File 1 for further details). The determined TOF of tetrafluo-
roiodolium salt 2BArF reaches a value of 80 h−1, almost
1.7 times as high as the TOF of iodoloisoxazolium 7BArF with
48 h−1. Both TOFs are much higher (almost 5 and 3 times
higher) than the one of iodoxinium 4BArF with 17 h−1 (Table 1).

Table 1: Determined TOFs of the strongest activators 2BArF, 7BArF,
and 4BArF (and their calculated standard deviation). The TOFs were
determined from the kinetics (see Supporting Information File 1 for
further details).

XB donor TOF [h−1]

2BArF 80 ± 7
7BArF 48 ± 4
4BArF 17 ± 1

Since the three compounds 2BArF–4BArF have not been tested
in this reaction before, and iodoloisoxazolium salt 7BArF has
not been tested in any reaction at all, several control experi-
ments were also performed, even though the benchmark reac-
tion has already been established in halogen-bonding activation.
In the presence of 2 mol % of either the unactivated gold com-
plex (PPh3)AuCl or the XB donors 1BArF–4BArF + 7BArF,
1H NMR showed no conversion within 18 h, indicating that the
activated gold complex is the catalytically active species.
Furthermore, stability measurements (1H and 19F NMR) of 1:1
mixtures of the gold complex and the XB donors were per-
formed in order to investigate the stability of the cationic iodo-
nium structures towards the gold complex [28]. For all catalyst
systems, decomposition of the −BArF24 anion was observed via
1H and 19F NMR spectroscopy, which is known to happen in
the presence of activated gold complexes [29]. The stability of
the DAI cations was checked with 1H NMR: the characteristic
doublets belonging to the respective iodonium structures 1+, 2+,
3+, and 7+ were found to be constant (see Supporting Informa-
tion File 1). The signals of the iodoxinium cation 4+ were over-
lapping with signals of the anion. However, the stability of 4+

(as well as of 2+) could be confirmed by 19F NMR measure-
ments: no decomposition of the signals belonging to the core
structure of the cations was observed. These results indicate that
the DAI cations are still intact and do not decompose in the
presence of the gold complex. In previous works, the mode of

activation by several XB donors including DAI salts was inves-
tigated, suggesting that halide abstraction is the crucial step
towards the formation of a catalytically active gold species
[18,19]. Furthermore, iodonium species 1BArF–4BArF have
been shown to be halide abstracting agents in the Ritter-type
solvolysis of α-methylbenzyl bromide and via the crystal struc-
tures of 1Cl, 2Cl, and 3Cl which resulted from crystallization of
the respective cation with the abstracted chloride from the
Ritter-type solvolysis of benzhydryl chloride [13]. The crystal
structure of 5Br was also obtained directly from the halide-
abstraction reaction (see Supporting Information File 1). These
three facts and the considerations mentioned before, strongly
hint that the same kind of halide abstraction from the gold(I)
species is occurring here with the presented XB donors
1BArF–4BArF and 7BArF.

Conclusion
In this study, we reported the synthesis of a new cyclic
diaryliodonium motif: the iodoloisoxazolium unit bearing a
five-membered iodolium core fused with an isoxazole ring. The
derivatives 7Z (Z = OTf, BArF24) were synthesized and the
crystal structure of the corresponding bromide salt was deter-
mined. Its analysis provided cases of strong halogen bonding,
which was further investigated in solution via the activation of
the gold–chlorine bond in the catalyst (PPh3)AuCl. Here, the
new diaryliodonium motif outcompeted other XB donors like
the prototypical iodolium 1BArF and showed a similar activity
as the polyfluorinated XB donor 2BArF. The results illustrate the
potential of the iodoloisoxazolium for halogen-bonding activa-
tion and catalysis. Studies on the synthesis and application of
chiral and/or bidentate dicationic derivatives are currently
underway in our laboratory.
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Abstract
A change in mechanism was observed in the hypervalent iodine-mediated cyclization of N-alkenylamides when the carbon chain
between the alkene and the amide increased from two to three atoms. In the latter case, cyclization at the amide nitrogen to form the
pyrrolidine ring was favored over cyclization at the amide oxygen. A DFT study was undertaken to rationalize the change in mech-
anism of this cyclization process. In addition, reaction conditions were developed, and the scope of this cyclization studied.
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Introduction
Proline is one of the 20 DNA-encoded proteinogenic amino
acids that are essential to life [1,2]. In addition, the pyrrolidine
core is present in many organocatalysts [3-5], natural products
(e.g., the potent α-glucosidase inhibitor (−)-codonopsinol B)
[6,7], and pharmaceutical drug molecules such as saxagliptin
and ramipril (Figure 1) [8]. Accordingly, the development of
methods to access substituted prolines and pyrrolidines is an
important area of study as this ring system is prevalent in many
useful molecules. Typical literature procedures include multi-
step derivations of proline itself, e.g., the destruction of the
stereocenter and then its reinstallation by an enantioselective

conjugate addition [9]. Other methods include the enantioselec-
tive conjugate addition to α,β-unsaturated pyroglutamic acid de-
rivatives followed by deoxygenation [10], and the enantioselec-
tive organocatalytic reaction between 2-acylaminomalonates
and α,β-unsaturated aldehydes [11,12].

The development of new synthetic methods using hypervalent
iodine reagents has become increasingly popular in recent years
probably due to their useful reactivity, ease of handling, and
low toxicity [13]. In particular, hypervalent iodine compounds
have been shown to be effective reagents and catalysts for a
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Figure 1: Functional molecules containing a substituted pyrrolidine
core.

range of cyclization reactions [14]. In 2015, we reported the
iodoarene-catalyzed cyclization of N-allylamides 1 and
N-homoallylamides 2 to 2-oxazolines 4 and dihydrooxazines 5,
respectively (Scheme 1A) [15]. We also reported that an
N-bishomoallylamide 3 (n = 3) was cyclized under the reaction
conditions, but in just 30% yield. It turned out that the product
of this reaction was the five-membered prolinol 7a rather than
the initially assigned isomeric seven-membered tetrahydro-
oxazepine 6 [16]. Subsequently, we set out to understand the O-
versus N-chemoselectivity by DFT modelling, and to develop
an effective synthetic protocol for the preparation of prolinols 7
in high yield (Scheme 1B). Notably, we are unaware of any re-
ported method to achieve this specific transformation in the lit-
erature. Although, Tellitu and co-workers have reported a
related preparation of indoline derivatives mediated by
bis(trifluoroacetoxy)iodobenzene (PIFA) [17].

Results and Discussion
In 2019, we reported our DFT study on the cyclization of
N-allylbenzamide (1a) to the 2-oxazoline 4a, i.e., where n = 1
and Ar = Ph [18]. This work indicated that the alkene is acti-
vated by the iodine(III) species and that this triggers cyclization.
Intrigued by the change in mechanism from O- to N-cyclization
onto the alkene when n = 3, we modelled this reaction using
DFT calculations (Scheme 2). Similarly, we concluded that the
present reaction commences with activation of the olefin in 3a
by the hypervalent iodine species 8, which is generated under
the reaction conditions. The activation occurs via an associative
pathway where one of the TFA ligands dissociates from 8 upon
approaching the substrate and forms the intermediate 9. The
calculated ΔG‡ value is quite high here, which could explain the
low yield obtained after 16 hours. However, for the cyclization
of N-allylbenzamide (1a), we found that the transition state was
stabilized by 4.1 kcal·mol−1 by an extra molecule of trifluoro-

Scheme 1: A) Our previous report on N-alkenylamide cyclizations.
B) An overview of the present work.

acetic acid. A similar stabilizing interaction was not identified
in this case with 3a, despite significant effort, but it cannot be
ruled out. The cyclization of 9 was shown to be possible by
attack of the amide at both the oxygen and the nitrogen, howev-
er, the ΔG‡ value for the latter was lower by 2.5 kcal·mol−1.
This demonstrates a clear kinetic preference for formation of
the five-membered ring over the seven-membered one [19].
Subsequent deprotonation of 11 leads to tertiary amide 12.

Upon cyclization, the iodane moiety in 12 is eliminated by an
intramolecular attack by the amide nitrogen to form the aziri-
dinium 13. Finally, ring-opening by SN2 attack of trifluoro-
acetate leads to the final product 14 [20]. In this case, the
kinetic pyrrolidine product is obtained due to the electron-with-
drawing benzoyl group on the nitrogen atom preventing equili-
bration to the thermodynamic piperidine product [21]. Basic
workup hydrolyzes the trifluoroacetoxy ester in 14 to alcohol
7a. Consideration of the literature NMR data for the three
possible isomeric products (i.e., pyrrolidine, piperidine, and
tetrahydrooxazepine) as well as DEPT, HSQC, and HMBC data
for 7a support the assignment of the pyrrolidine structure.

The next stage of the project was to improve the yield of the
reaction. We initiated our study by using our initially de-
veloped conditions using 20 mol % 2-iodoanisole and found
that the reaction outcome led to variable yields of product in the
range of 10–25%. Increasing the quantity of 2-iodoanisole to
150 mol % provided a reproducible 30% yield of 7a (Table 1,
entry 1). We then varied the iodoarene to see the impact on the
reaction outcome. Using iodobenzene, 2-iodobiphenyl, and
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Scheme 2: Calculated mechanism for the cyclization of amide 3a optimized at the B3LYP/ 6-31+G(d,p) level of theory with SDDall used for iodine.
Solvent effects were considered using the CPCM model. All ΔG values are in kcal·mol−1. Optimized structures are shown for the cyclization transition
states (hydrogen atoms are omitted for clarity and bond lengths are given in Å).

3-iodotoluene provided slight improvements in yield (Table 1,
entries 2–4). The more electron-rich 2-iodo-1,3-dimethoxyben-
zene led to a further increase in yield to 44% (Table 1, entry 5).
1,2-Diiodobenzene has been reported to be a superior precata-
lyst in intermolecular C–H aminations of arenes but only provi-
ded 40% yield in the present case [22]. 1-Iodonaphthalene led
to an increase in yield to 49% (Table 1, entry 7). 1-Iodo-2,4-
dimethoxybenzene afforded the highest yield of all with 59% of
tertiary amide being isolated (Table 1, entry 8). Leaving the
reaction to stir for an extended period led to a further increase in
yield to 68% (Table 1, entry 9). Using the even more electron-

rich 2-iodo-1,3,5-trimethoxybenzene only gave 45% yield
(Table 1, entry 10). Our previous studies have shown that the
oxidized form of 2-iodo-1,3,5-trimethoxybenzene is unstable in
solution and decomposes destructively [18]. Iodoethane was
also shown to be an effective reagent furnishing the product in
up to 56% upon heating to 40 °C (Table 1, entries 11 and 12). It
was envisaged that oxidation of iodoethane led to formation of
oxidized forms of iodide by C–I-bond cleavage, therefore tetra-
butylammonium iodide was utilized to see if the result could be
replicated and it was (Table 1, entry 13). Finally, the reaction
was shown to occur using PIFA (bistrifluoroacetoxyiodoben-
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Table 1: Optimization of cyclization reaction.

Entry Deviation from conditions Yield [%]a

1 none 30
2 iodobenzene 37
3 2-iodobiphenyl 37
4 3-iodotoluene 39
5 2-iodo-1,3-dimethoxybenzene 44
6 1,2-diiodobenzene 40
7 1-iodonaphthalene 49
8 1-iodo-2,4-dimethoxybenzene 59
9 1-iodo-2,4-dimethoxybenzene, 48 h 68
10 2-iodo-1,3,5-trimethoxybenzene 45
11 iodoethane 38
12 iodoethane, 40 °C 56
13 Bu4NI 40
14 PIFA, no selectfluor, no TFA 40

aThe yields are for isolated compounds. TFA = trifluoroacetic acid.
PIFA = bis(trifluoroacetoxy)iodobenzene.

zene), which is envisaged to be produced in the reaction mix-
ture when using iodobenzene as reagent, and a similar yield was
obtained (Table 1, entry 14 vs entry 2). The cyclization of
amide 3a did not occur in the absence of an iodine source.
Other oxidants, solvents, and acids were screened but superior
conditions were not discovered.

With the optimized conditions in hand, the scope of the cycliza-
tion was investigated (Scheme 3). We examined the cyclization
of para-substituted benzamides and chloro- (7b), bromo- (7c),
phenyl- (7d), and methoxy- (7e) derivatives were all isolated in
moderate yields. The ortho-substituted derivatives 7f, 7g, and
7h were also successfully prepared. Alkylamides were found to
be ambiguous substrates as the acetamide 7i and pivalamide 7j
were formed in trace quantities whereas the benzyl derivative
7k was isolable. The enamide 7l was not observed. Intriguingly,
cyclopropyl and cyclohexyl derivatives 7m and 7n, respective-
ly, were formed and isolated in moderate yields. Furyl deriva-
tive 7o was isolated in 63% yield. Installing a geminal dimethyl
group on the alkyl linker was anticipated to lead to an improve-
ment in cyclization, however, very low conversion was ob-
served and the product 7p was isolated in 10% yield.

We then investigated the cyclization of cis-disubstituted alkene
3q and were delighted to observe that only one diastereomer of

Scheme 3: Scope of cyclization reaction.

7q was formed (Scheme 4). This result is in accordance with the
calculated mechanism. The more electron-rich trisubstituted
alkene 3r reacted directly with Selectfluor leading to a tertiary
carbocation which was trapped by acetonitrile in a Ritter-type
process to generate bisamide 15 [23]. As would be expected,
one regioisomer and a 1:1 mixture of diastereomers was
formed.

Scheme 4: Reactions of di- and trisubstituted alkene substrates.

Conclusion
We have demonstrated that a change in mechanism occurs in
the cyclization of N-alkenylamides when increasing the chain
length between the amide and the alkene. When there are one or
two carbon atoms separating the functional groups, cyclization
at the amide oxygen occurs to generate five- and six-membered
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rings, respectively. However, when there is a three-carbon atom
link, the corresponding seven-membered ring is not formed.
Instead, cyclization at nitrogen occurs to generate a five-mem-
bered ring. We have performed DFT calculations to support the
proposed change in mechanism and developed superior reac-
tion conditions to effect this transformation. Finally, we have
explored the substrate scope of this cyclization.
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Abstract
Diaryliodonium salts have become widely recognized as arylating agents in the last two decades. Both, symmetrical and unsymmet-
rical forms of these salts serve as effective electrophilic arylating reagents in various organic syntheses. The use of diaryliodoniums
in C–C and carbon–heteroatom bond formations, particularly under metal-free conditions, has further enhanced the popularity of
these reagents. In this review, we concentrate on various arylation reactions involving carbon and other heteroatoms, encompassing
rearrangement reactions in the absence of any metal catalyst, and summarize advancements made in the last five years.
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Introduction
The chemistry of hypervalent iodine compounds is well-estab-
lished and they are prevalent as oxidants and electrophilic
reagents in organic conversions [1-3]. They have gained signifi-
cant attention due to their high reactivity and ability to carry out
various useful transformations under mild, eco-friendly reac-
tion conditions [4-11]. Various review articles [12-26] and
books [27,28] have appeared on the chemistry of hypervalent
iodine compounds. In the past two decades, diaryliodonium
salts (DAIS), a versatile category of hypervalent iodine com-
pounds, have seen significant progress in hypervalent iodine
chemistry. Their efficiency and environmentally friendly char-
acteristics have positioned DAIS as next-generation arylation

reagents [29,30]. Other than aromatic electrophiles in aryl-
transfer processes, DIAS are frequently employed as photoini-
tiators for cationic polymerizations [31-33], Lewis acids [34],
oxidants [35,36] and in the field of macromolecular chemistry
[37,38]. Additionally, biological activity is also exhibited by
iodonium salts, often due to their capability to function as
radical initiators.

The use of diaryliodonium salts as efficient electrophilic
arylating reagents in a wide range of organic transformations is
due to their unique features such as solid-state nature, excellent
stability, and the presence of a robust leaving group [39-42].

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Figure 1: Various structures of iodonium salts.

They offer several advantages over traditional reagents, includ-
ing low toxicity, high reactivity, and excellent selectivity [43]
under simple reaction conditions. The distinctive reactivity of
DIAS enables the smooth arylation of various carbon and
heteroatom nucleophiles under gentle conditions, with or with-
out the use of transition metals [44]. Thus, they address both the
financial and environmental challenges associated with organic
synthesis by acting as environmentally benign substitutes for
costly organometallic catalysts and heavy-metal-based oxidants.

Diaryl iodide salts consist of two aryl groups attached to an
iodine atom and an associated "anion". X-ray studies revealed
that these iodine(III) compounds typically have a T-type struc-
ture 1 (Figure 1). In solution, they dissociate into Ar2I+ and X−

counterions 2, with the degree of dissociation influenced by the
solvent and the nature of X− [45,46]. Anions like tetrafluoro-
borate, hexafluorophosphate, and trifluoromethanesulfate are
commonly used in DAIS due to their good solubility and weak
nucleophilicity. If the two aryl groups (Ar1 and Ar2) in DAIS
are different, they are termed unsymmetric diaryliodonium salts
3. The chemoselectivity of the product is primarily determined
by the steric hindrance and electrophilicity of the aryl groups
[17]. When the two aryl groups form a cyclic structure with a
central iodine atom, they are referred to as cyclic diaryliodo-
nium salts 4 (Figure 1). Cyclic DAISs are predominantly found
in simple five to seven-membered cyclic compounds [47].

Arylation reactions using diaryliodonium salts can occur
through four distinct mechanisms. First, the arylation can occur
under metal-free conditions, involving the formation of a three-
membered ring transition state through ligand coupling, leading
to the formation of the Nu–Ar product and aryl iodide [21].
Second, the arylation can take place in the presence of a metal
catalyst via oxidative addition, followed by reduction elimina-
tion [48,49]. Thirdly, it proceeds through a ligand-coupled aryl-
ation which involves a five-membered transition state to yield
the respective arylation product [50,51]. Lastly, arylation can
occur through single-electron transfer (SET), where a cation
radical obtained from aromatic hydrocarbons with high elec-
tron density yields the desired arylated product [52]. In this
review article, we will provide a comprehensive overview of
arylation of carbon and heteroatom substrates via diaryliodo-

nium salts in metal-free conditions. This review emphasizes the
significance and potential of DIASs in contemporary organic
chemistry.

Review
C-Arylation
Over the past decade, there has been a surge of interest in
metal-catalyzed C-arylations utilizing diaryliodonium salts,
marked by significant contributions, notably from research
teams led by Sanford [53] and Gaunt [54]. The synthesis of car-
bon–carbon bonds through metal-free approaches serves as a
valuable complement to transition-metal-catalyzed couplings.
This is particularly significant as it circumvents the use of
costly and hazardous metals and ligands which are commercial-
ly not available.

In order to obtain a variety of synthetically desirable tetra-
substituted α-aryl-α-fluoroacetoacetamides 7, Zaheer et al.
disclosed a straightforward, metal-free technique for the α-aryl-
ation of α-fluoroacetoacetamides 5 utilising unsymmetric DIAS
6. Various α-fluoroacetoacetamides 5 with electronically differ-
ent aliphatic, aryl ring, and heterocyclic substitutions were
discovered to be easily arylated using this method. The prod-
ucts were obtained within 30 minutes in the presence of
Cs2CO3 as shown in Scheme 1. The substrate scope exhibits
that on using electron-deficient diaryliodonium salts as an
arylating agent, α-fluoroacetamides 8 were obtained in moder-
ate to good yields through a spontaneous arylation/deacylation
cascade. The deacylation reaction is considered due to the pres-
ence of fluorine and a newly installed electron-deficient aryl
group on α-carbon which increases electrophilicity of the α-car-
bon center [55].

The proposed reaction mechanism (Scheme 2) begins with the
formation of one of two potential iodine intermediates, labeled
as I or II. These intermediates arise upon binding of the enolate
molecule to iodine either through a carbon–iodine or an
oxygen–iodine bond. Both intermediates, I and II, are in rapid
equilibrium with each other and further undergo two different
types of reactions: [1,2]-ligand coupling and [2,3]-rearrange-
ment (Scheme 2). Either of these reactions leads to the forma-
tion of the desired arylated α-aryl-α-fluoroacetoacetamides 7.
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Scheme 1: Αrylation of α-fluoroacetoacetamides 5 to α-aryl-α-fluoroacetoacetamides 7 and α-fluoroacetamides 8 using diaryliodonium salts 6.

Scheme 2: Proposed mechanism for the arylation of α-fluoroacetoacetamides 5 to α-aryl-α-fluoroacetoacetamides 7 and α-fluoroacetamides 8.
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Scheme 3: α-Arylation of α-nitro- and α-cyano derivatives of α-fluoroacetamides 9 employing unsymmetrical DAISs 6.

Scheme 4: Synthesis of α,α-difluoroketones 13 by reacting α,α-difluoro-β-keto acid esters 11 with aryl(TMP)iodonium tosylates 12.

The tetrasubstituted fluorocarbon center becomes more electro-
philic in the presence of an electron-deficient aryl (Ar) group.
This increased electrophilicity facilitates a base-mediated
deacylation reaction, resulting in arylfluoroacetamides 8 as final
products.

Further, Zaheer and group developed an α-arylation of syntheti-
cally valuable α-fluoro-α-nitroacetamides (9, R = NO2,
Scheme 3) under gentle conditions to form a quaternary
benzylic fluorocarbon center. The protocol was found to be
effective for the α-arylation of α-cyano-α-fluoroacetamides (9,
R = CN), too. Aryl(mesityl)iodonium salts 6 (which are unsym-
metrical diaryliodonium salts) were used as hypervalent iodine
salts in both reactions. To achieve the C(sp3)-arylation of the
α-nitro derivative of compounds 9 within 2 h to yield products
10, K2CO3 as base and toluene as solvent were required
(Scheme 3). On the other hand, for the α-arylation of the
α-cyano derivative of compounds 9, t-BuOK as base and THF
as a solvent were useful to yield the products in a short reaction
time (30 min). All the products with a wide range of electroni-
cally varied arenes were attained in good to excellent yields
[56]. Additionally, the same reaction was further explored by
using α-fluoro-α-nitrosulfonylmethanes as starting material
under modified reaction conditions to yield the arylated α-fluo-
ronitrosulfonylmethane [57]. Phenyl(mesityl)iodonium salt was

employed to achieve the fluorinated products having a tetra-
substituted benzylic carbon center in good to excellent yields.
The strategy was also used for the synthesis of α-arylated
α-fluoro(arylsulfonyl)acetonitriles in good yield.

In a recent study, Dohi et al. achieved the arylation along with
decarboxylation of α,α-difluoro-β-keto acid esters 11 with the
help of aryl(TMP)iodonium tosylates 12 in toluene at 100 °C to
yield α,α-difluoroketones 13 in excellent yield (Scheme 4). The
reaction proceeds via ligand exchange between the fluorinated
carboxylate and the tosylate anion of the hypervalent iodine
salt, subsequently leading to decarboxylative C–C coupling.
Notably, this method achieves the incorporation of two fluorine
atoms in the benzyl position without resorting to hazardous
fluorination reagents, transition-metal catalysts, or organometal-
lic compounds. The utility of this reaction is underscored by the
successful conversion of various α,α-difluoromethyl ketone
groups into corresponding esters, amides, and difluoromethyl
groups [58].

In 2021, Nilova and colleagues outlined an approach for the
synthesis of highly hindered 1,2,3,4-tetrasubstituted benzenoid
rings 15 using arynes generated from 6 on reacting with
arynophiles 14 (Scheme 5) [59]. The reaction is unique due to
its ability to functionalize position 3, despite its greater steric
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Scheme 5: Coupling reaction of arynes generated by iodonium salts 6 and arynophiles 14 for the synthesis of tetrasubstituted arenes 15.

Scheme 6: Metal-free arylation of quinoxalines 17 and quinoxalinones 19 with DAISs 16.

hindrance compared to position 5. The process involves depro-
tonation at the 3-position of the aryl(Mes)iodonium salts, fol-
lowed by exit of a leaving group from position 4, and then
regioselective vicinal functionalization of the generated aryne.
The method's compatibility with halide-substituted aryl com-
pounds enhances its versatility and practicality. Moreover, the
completion of reaction within a mere 40 minutes at room tem-
perature underscores its efficiency and effectiveness as a syn-
thetic approach.

Furthermore, a transition-metal-free arylation of quinoxalines
17 and quinoxalinones 19 via aryl radicals was discussed by Li
and co-workers in 2022. In this report the aryl radicals were
generated by planetary ball milling of diaryliodonium salts 16 at
a frequency of 35 Hz in the presence of the piezoelectric materi-
al BaTiO3 (size < 4 µm). The results were obtained within 2 h
when triethylamine was used as a base (Scheme 6) [60]. Both,
symmetrically and unsymmetrically substituted diaryliodonium
salts were employed for the reaction and it was revealed that in
unsymmetrical diaryliodonium salts the transfer of the aryl
group with the relatively lower electron density and less steric
hindrance was favoured. A range of electron-rich and electron-

deficient substituents positioned para to the aryl ring in the
diaryliodonium salts were found to be well tolerated in the reac-
tion. Quinoxalines substituted at various positions resulted in
the corresponding arylation products 18 in moderate yields.
Under similar reaction conditions various substituted quinoxali-
nones yielded products 20 in moderate to good yields. The
BaTiO3 used in the reaction could be easily recycled just by
washing it with ethanol, retaining its catalytic activity for aryl-
ation up to three cycles without any compromise. Thus, this
procedure could be considered economic as well as environ-
ment-friendly.

In 2019, Kalek and co-workers reported the regioselective C–H
arylation of 2-naphthols 21 by using iodonium salts 16 as the
source of the aryl group (Scheme 7) [61]. Through optimiza-
tion, it was determined that the presence of Na2CO3 as base and
cyclohexane as solvent facilitated the C–C cross-coupling reac-
tion. The products were obtained in satisfactory yields using
various diaryliodonium salts regardless of their differing
counter-anions. A range of 2-naphthol substrates, including
those bearing alkyl and aryl groups, halogens, trimethylsilyl,
and protected hydroxy at positions 6 and 7, exhibited good
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Scheme 7: Transition-metal-free, C–C cross-coupling of 2-naphthols 21 to 1-arylnapthalen-2-ols 22 employing diaryliodonium salts 16 as the aryl
source.

Scheme 8: Arylation of vinyl pinacol boronates 23 to trans-arylvinylboronates 24 in presence of hypervalent iodine salt 16.

tolerance. However, the reaction with 1-naphthol did not yield
positive results. Notably, the efficiency of the cross-coupling
reaction was observed to increase with the transfer of electron-
poor aryl groups from the hypervalent iodine salt. Thus, elec-
tron-withdrawing substituents such as trifluoromethyl,
m-chloro, and fluorine on the aryl group promoted efficient cou-
pling.

Moreover, C–C bond formation was reported by Chen and
colleagues in 2020 via the arylation of vinyl pinacol boronates
23 by using diaryliodonium salts 16 to yield trans-arylvinyl-
boronates 24 in the absence of a metal catalyst [62]. The opti-
mized reaction conditions involve the reaction of substituted
diaryliodonium salts 16 with different substituted vinyl pinacol
boronates 23 in dichloromethane as solvent at 100 °C in a
sealed tube in the presence of a wet inorganic base (Scheme 8).
Both K2CO3 and Li2CO3 were found to be compatible with the
reaction, and it was observed that no product was obtained in
the absence of a base. Additionally, the presence of 40 equiva-
lents of water proved to be crucial for the reaction, as altering
the amount of water significantly impacted the product yield,
indicating the importance of water in the reaction mechanism. A
diverse range of functionalized diaryliodonium salts, including
di- and trisubstituted ones, were well tolerated in the reaction,

providing products 24 with good stereoselectivity in moderate
to good yields. Moreover, the reaction was successfully con-
ducted with various substituted vinyl pinacol boronates and
di(4-tolyl)iodonium triflate, resulting in moderate to good yields
of the corresponding products. The vinyl boronates obtained
from the aforementioned reaction were subsequently subjected
to a Suzuki coupling with the remaining aryl iodides obtained
from 16 in the presence of a palladium catalyst. This step facili-
tated the formation of functionalized olefins, showcasing an
efficient utilization of aryliodonium salts in the process.

Later in the same year, Song and colleagues reported a protocol
for the efficient synthesis of 2-aryl-substituted quinolines 27
and pyridine N-oxides 29 [63]. This reaction involved the selec-
tive arylation at the C2 position of quinoline N-oxides and pyri-
dine N-oxides, utilizing hypervalent iodine salts as the arylation
reagents. The reaction was facilitated by visible light in
conjunction with a photocatalyst. The absence of either the
photocatalyst or light resulted in only trace amounts of the prod-
uct, underscoring their essential roles in product formation. Op-
timized conditions comprised the reaction of the quinoline
N-oxides 25 (1 equiv) with diaryliodonium tetrafluoroborates
26 (2 equiv) as the arylating agent, 1,4-benzoquinone (BQ) as
an additive (2 equiv), the photocatalyst eosin Y (10 mol %), and
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Scheme 9: Light-induced selective arylation at C2 of quinoline N-oxides 25 and pyridine N-oxides 28 in the presence of 26.

Cs2CO3 (1 equiv) as the base in methanol under a nitrogen at-
mosphere, with 5 W LEDs irradiation for 3 days (Scheme 9).
Various substituted quinone N-oxides yielded the correspond-
ing products in satisfactory to moderate yields. Notably, elec-
tron-withdrawing groups generated higher yields compared to
electron-donating groups. The reaction exhibited high selec-
tivity, with substitution at the C3 position not impeding the
reaction. Different substituted diaryliodonium tetrafluoro-
borates were also investigated, yielding good product yields.
The above protocol for the arylation of pyridine N-oxides 28,
resulted in corresponding products in moderate to good yields.
The reaction conditions remained consistent, except K2S2O8
was found to be a superior additive compared to BQ. The reac-
tion exhibited good tolerance even towards strong electron-
withdrawing groups.

A control experiment was conducted to investigate the reaction
mechanism by adding 2 equivalents of TEMPO to the reaction
mixture. The absence of the desired product indicated the
involvement of a radical pathway in the process. The proposed
reaction mechanism begins with the activation of eosin Y by
visible light from 5 W blue LEDs, transitioning it to its excited
state, eosin Y*. This excited state further undergoes oxidation
via a single-electron-transfer (SET) reaction with Ar2IBF4 26,
producing eosin Y+ and a phenyl radical 30 (Scheme 10). The
radical intermediate 30 selectively binds to the C2 position of

either quinoline or pyridine N-oxide, forming intermediate I.
Furthermore, intermediate I subsequently undergoes another
SET reaction, resulting in intermediate II and the regeneration
of the photocatalyst. Intermediate II undergoes deprotonation,
facilitated by the presence of Cs2CO3 as base, to yield the final
products 27 or 29. Additives like BQ likely assist in the depro-
tonation of intermediate II to produce final products 27, while
K2S2O8 aids in the oxidation of the photocatalyst in the case of
pyridine N-oxide.

In another photoinduced reaction procedure, Murarka et al. re-
ported the formation of aryl radicals from a tetrameric electron
donor–acceptor (EDA) complex. The complex is formed of tri-
phenylphosphine, sodium iodide and N,N,N,N-tetramethyl-
ethylenediamine (TMEDA) with diaryliodonium reagents
(DAIRs) [64]. This activates DAIRs 16 to generate an aryl
radical which is utilized in the C–H arylation of various hetero-
cycles 31 to yield the corresponding heteroaryl–aryl com-
pounds 32 in moderate to good yield. The use of blue LEDs
(456 nm), nitrogen atmosphere, and HFIP/H2O 4:1 solvent mix-
ture improved the yield of the product by up to 90%. Various
substituted azauracils were used to study the reaction and it was
observed that different substituted N2/N4 azauracils were easily
converted to the corresponding products in good to excellent
yield. Furthermore, diverse DAIRs were subjected to the reac-
tion which again provided the desired products 32 in moderate
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Scheme 10: Plaussible mechanism for the light-induced selective arylation of N-heterobiaryls.

Scheme 11: Photoinduced arylation of heterocycles 31 with the help of diaryliodonium salts 16 activated through donor–acceptor complex formation.

to excellent yield (Scheme 11). The study suggests that the un-
symmetrical DAIRs transfer the aryl ring which is less steri-
cally hindered. The reaction conditions enabled to furnish
results with various aromatic and nonaromatic heterocycles and
N-heterocyles. The reaction was able to facilitate late-stage
diversification of drug molecules such as nimesulide and gemfi-
brozil to corresponding products. The radical path was consid-
ered for the reaction mechanism as on adding TEMPO as
radical scavenger the radical trapping adduct was detected by
HRMS.

Simultaneously with the above work, Murarka and co-workers
also reported an organophotoredox-catalyzed stereoselective

allylic arylation method for Morita–Baylis–Hillman (MBH)
acetates using a variety of diaryliodonium triflates [65]. The
reaction was carried out with MBH acetate 33  and
diphenyliodonium triflate 16 in the presence of different photo-
catalysts and bases. Methylene blue trihydrate (MB·3H2O) was
identified as a highly active photosensitizer and DIPEA was
effective as a base (Scheme 12). The reaction yielded the
E-isomers in a solvent mixture of methanol/water 5:1 under
blue LED light (467 nm) irradiation in good yields. Various
DAIRs substituted at different positions were found to be suit-
able for the reaction giving the respective products in moderate
to good yield. Additionally, unsymmetrical DAIRs showed a
preference for transferring an electron-poor and sterically less
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Scheme 12: Arylation of MBH acetates 33 with DIPEA and DAIRs 16.

Scheme 13: Aryl sulfonylation of MBH acetates 33 with DABSO and diphenyliodonium triflates 16.

hindered aryl ring. The scope of MBH acetates was further
explored, demonstrating compatibility with a wide range of
substituted aromatic ethyl acrylates and various substituents on
the aromatic ring. Additionally, a variety of substituted esters,
ketones, and nitriles were found to be compatible with the reac-
tion.

Additionally, the same approach was used for the aryl sulfony-
lation. Trisubstituted allylic sulfones 35 were synthesized by
reacting MBH acetate 33 and diphenyliodonium triflates 16
using an optimal sulfur dioxide surrogate, 1,4-diazabi-
cyclo[2.2.2]octane bis(sulfur dioxide) (DABSO, Scheme 13).
The Z-isomer of the desired products was obtained by optimiz-
ing the reaction conditions. The involvement of radicals in both
the arylation and aryl sulfonylation was confirmed as no prod-
uct was found when carrying out the reaction in the presence of
radical scavengers. Stern–Volmer studies indicated a signifi-
cant fluorescence emission quenching of methylene blue by
DIPEA, suggesting a reductive quenching of methylene blue
during the reaction. Experiments involving variations in light
exposure and quantum yield established the need for continu-

ous irradiation and eliminated the possibility of a radical chain
mechanism for the reaction.

Recently in 2023, Yadav and colleagues demonstrated that
diaryliodonium salts are effective for arylating and cyclizing tri-
fluoromethylated acrylamides 36 under environmentally
friendly conditions [66]. When the reaction mixture of acryl-
amides 36 and diaryliodonium tetrafluoroborates 26 dissolved
in water was irradiated with light of 390 nm wavelength, the
desired oxindole products 37 were obtained in good yields
(Scheme 14). The reaction was notably more successful with
CF3-acrylamide than with CH3-acrylamide, likely because the
former dissolves more readily in water. The reaction tolerated
diverse substitutions at different positions on the aryl groups of
acrylamides 36 and diaryliodonium salts 26. Both electron-
withdrawing and electron-donating substituents at the para-po-
sition of the N-arylacrylamide led to good yields. In cases of
meta-substitution, a mixture of C6 and C4-substituted oxindole
products were obtained, whereas ortho-substitution resulted in
the desired oxindoles in moderate yields. Nitrogen substitution
was also found to be tolerable in the reaction. Interestingly,
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Scheme 14: Synthesis of oxindoles 37 from N-arylacrylamides 36 and diaryliodonium salts 26.

Scheme 15: Mechanically induced N-arylation of amines 38 using diaryliodonium salts 16.

substituting the para-position of the aryliodonium salts with an
electron-donating group resulted in a moderate product yield,
while electron-withdrawing groups led to decreased yields of
the desired product.

N-Arylation
Nitrogen-containing heteroaromatic compounds serve as crucial
scaffolds in pharmaceuticals. Therefore, the synthesis of
N-substituted heteroaromatic derivatives under mild and envi-
ronmentally friendly conditions is highly valued. The use of
electrophilic diaryliodonium salts for nitrogen arylation has
been investigated. Working on this Li and Jiang, created an
effective ball-milling process for the N-arylation of amines 38
with the assistance of diaryliodonium salts 16 (Scheme 15) [67].
The arylation of an amino group or nitrogen heterocycle
occurred effectively when the reaction is performed under sol-
vent-free conditions or when a minimal quantity of water was
used as a solvent in the presence of a base. The ball-milling
method efficiently simplified the reaction process because, in
contrast to typical solution methods, it may realize product for-
mation without being affected by the solubility of the substrate
and other additives. An efficient conversion was detected when
the substrate contains electron-rich functionalities. In contrast,
the yield dropped notably when the amines were substituted
with electron-deficient functionalities. In addition, asymmetric

diaryliodonium salts were examined, and the transfer of the aryl
group with a less hindered portion is observed. The mechanism
revealed the reaction undergoes the homolytic cleavage of the
diaryliodonium salt to produce an iodoaryl radical cation, which
further reacts with the amine to acquire the corresponding diaryl
amines. Moreover, a similar reaction tried with a copper cata-
lyst afforded nearly better results for the arylated products.

In 2022, Linde et al., demonstrated a conventional approach for
achieving arylations of nitrogen- and oxygen nucleophiles via
SNAr reaction, using o-fluorinated diaryliodonium salts 40,
which enabled access to a greater range of compounds
(Scheme 16) [68]. The novel iodine(III) intermediate was
generated through nucleophilic substitution of a heteroatom
nucleophile, which initiated the reaction. A subsequent aryl
migration from the iodine to the heteroatom resulted in the for-
mation of the arylated nucleophile. In addition to accepting a
wide variety of protective and functional groups, the method
creates products with an iodine substituent that is easily acces-
sible for product derivatization. Moreover, it is a convenient
methodology for both N-arylation and O-arylation. The aryl-
ation of amines 38 was achieved in acetonitrile as solvent,
whereas the arylation of ammonia was achieved by using ethyl
acetate as solvent along with potassium carbonate as a base.
Likewise, water was arylated using cesium carbonate as a base.
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Scheme 16: o-Fluorinated diaryliodonium salts 40-mediated diarylation of amines 38.

Scheme 17: Proposed mechanism for the diarylation of amines 38 using o-fluorinated diaryliodonium salts 40.

The N-arylation reactions were performed under strict an-
hydrous conditions.

The reported mechanistic hypothesis (Scheme 17) suggests that
the reaction initiates with an SNAr at the ortho-carbon, forming
a Meisenheimer complex I and a novel iodine(III) intermediate
II. This type of reactivity is unprecedented, as past reactions be-
tween nucleophiles and diaryliodonium salts usually lead to a
reduction of iodine(III) to iodine(I). Intermediate II then under-
goes an intramolecular aryl migration, yielding the diarylated
products 41, analogous to the known iodoniumphenolate reac-
tions that produce diaryl ethers.

The same research group meliorated the N-arylation of aliphat-
ic cyclic amines with the same fluorinated diaryliodonium salts
40 (Scheme 18) [69], which however, does not produce the
diarylated compounds. The intramolecular aryl migration from
the iodine to the nitrogen leads to a quaternary ammonium ion
intermediate A. Consequently, a nucleophilic ring opening of
cyclic amine in 42 occurred via cleavage of the strong C–N
bond. The ring opening incorporated nitrogen, oxygen, sulfur,
carbon, and halogen-containing nucleophiles and their deriva-
tives. The substrate scope was examined with numerous aryl
groups on iodonium salts 40 and the progress of aryl migration
happens fruitfully by considering electronic factors like steric
hindrance. The ring opening proceeded smoothly when nucleo-

philes with higher nucleophilicity are used yielding up to 99%
of the desired products 43.

The N-arylation of amino acid esters 44 was established with
the utility of substituted phenyl(anisyl)iodonium triflate salts 45
(Scheme 19) [70]. According to the screening studies, a mix-
ture of enantiomers was obtained, with one enantiomer predom-
inating (95 to >98% ee) under the optimized conditions. The
phenyl with electron-deficient groups is well tolerated and
produces outstanding yields. Moreover, the phenyl with a bulky
substituent also participated with the high yield of correspond-
ing product. Further, the reaction with iodonium salts with elec-
tron-donating substituents in the aryl ring required an extension
of the reaction duration to 24 hours. Furthermore, the scope of
substrates was investigated, with a focus on the benzyl ester
generated rather than the corresponding methyl esters. The reac-
tion was also performed with a 6-membered cyclic diaryliodo-
nium salt, which proceeded successfully and produced the
respective iodo-containing arylated product in 59% yield with
76% ee after 24 h. Using the same reaction conditions, the aryl-
ation of tyrosine methyl ester was also performed. The result-
ing compound was arylated at both O- and N-positions. The in-
vestigations were continued with the unsymmetric anisyl salts,
and the results showed high chemoselectivity for N-arylation.
Iodonium salts containing the anisyl auxiliary enhanced the
arylation yields.
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Scheme 18: Ring-opening difunctionalization of aliphatic cyclic amines 41.

Scheme 19: N-Arylation of amino acid esters 44 using hypervalent iodonium salts 45.

Hypervalent iodonium salts are also useful to achieve the
N-arylation of azoles. Prakash and co-workers applied iodo-
nium salts 48 in the presence of a base to obtain regioselective-
ly the N2-arylated products of 1,2,3-triazoles via ligand
exchange followed by reductive elimination in exceptional
yields (Scheme 20) [71]. Although screening studies indicated
the possibility of achieving the N-arylation at both, the N1- and
N2-positions of the triazoles, N2-arylation was predominantly
observed. It was incredible to achieve splendid regioselectivity
without the usage of directing groups and any metal catalyst.
Also, the electronic nature of a substituent at the C4 position of
the starting triazole did not negatively impact the regioselectivi-
ty. Further, C4 and C5 disubstituted triazoles also produced the
N2-arylated product. Remarkably, this is the only approach pro-
viding regioselective access to N2-arylated products along with
high yields. The synthetic route could also be applied for the
synthesis of N2-arylbenzotriazoles which are promising scaf-

folds for pharmaceuticals. Subsequently, the impact of the aryl
group present in the diaryl iodonium salts on the reaction effi-
ciency and selectivity was explored. A high selectivity was
found for electron-withdrawing moieties, resulting in high
yields of the N2-substituted products. Also, tetrazole 50 was
arylated using the same hypervalent iodonium salts as a follow-
up, but less than 14% of the targeted product were obtained.
However, the yield of products 52 could be improved up to 66%
by using iodonium salt 51 having the TMP group substituted
with anisyl (Scheme 21) [72].

Switching the base in the arylation process can influence the
chemoselectivity of the reaction as was reported by Onomura
and group. They observed that the reaction of 2-pyridones 53
gave either the N- (54) or O-arylated product 55 as major com-
ponent depending on the base used. Ultimately, the study
progressed to optimized conditions leading selectively to either



Beilstein J. Org. Chem. 2024, 20, 2891–2920.

2903

Scheme 20: Regioselective N-arylation of triazole derivatives 47 by hypervalent iodonium salts 48.

Scheme 21: Regioselective N-arylation of tetrazole derivatives 50 by hypervalent iodonium salt 51.

Scheme 22: Selective arylation at nitrogen and oxygen of pyridin-2-ones 53 by iodonium salts 16 depending on the base and solvent used.

product. Briefly, when diethylaniline was used as a base in fluo-
robenzene, the N-arylated compounds 54 were produced. On the
other hand, the O-arylated compounds 55 emerged as major
product when quinoline was used as the replacement base and
chlorobenzene as the solvent in the reaction (Scheme 22). The
effect of the substituent on the aryl group in the hypervalent
iodonium salt, was investigated, and the ratio of aryl group
migration was found to depend on steric and anti-ortho effects
[73].

Oxygen-bridged cyclic diaryliodonium salts are novel arylating
reagents recently developed by Linde et al. and were utilized to
arylate carbon and heteroatoms. However, the reactivity of

these cyclic salts was found to be limited, which prompted the
authors to synthesize the corresponding acyclic iodonium salt
56 to increase the reactivity. It was subsequently employed in
various arylation processes of several substrates. Remarkably,
as much as 98% of the targeted N-arylated compound 57 was
obtained by treating hypervalent iodine salt 56 with NaNO2 in
the presence of DBU as the base (Scheme 23). This salt was
also studied for the arylation of sulfur, oxygen, and carbon
giving good yields of corresponding products [74].

O-Arylation
Arylation of oxygen is a significant chemical reaction that
results in the formation of diaryl ethers. Diaryl ethers are impor-
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Scheme 23: N-Arylation using oxygen-bridged acyclic diaryliodonium salt 56.

Scheme 24: The successive C(sp2)–C(sp2)/O–C(sp2) bond formation of naphthols 58.

tant structural motifs in pharmaceuticals and agrochemicals due
to their diverse biological activities. Since the 1950s, one of the
most used methods for the synthesis of diaryl ethers involves
the reaction of phenol with diaryliodonium salts. Recent
advancements in this field have focused on the development of
practically simple and scalable methods for the arylation of
oxygen using diaryliodonium salts. By modifying the counter
anions attached to the iodonium ion, the stability and reactivity
of new symmetrical and unsymmetrical diaryliodonium salts
could be improved which were subsequently used to synthesize
new oxygen arylated products.

Solorio-Alvarado and co-workers introduced a one-pot double
arylation of naphthols through the consecutive C–C/O–C bond
formation in the presence of hypervalent iodine salts 16 as the
aryl donor (Scheme 24) [75]. The reaction worked very well at
room temperature under base-free conditions. In this one-pot
synthesis of double arylation of naphthols 58, a novel radical
precursor, [1,1´-oxybis(2,2,6,6-tetramethylpiperidine)] (59),
was employed. This precursor undergoes spontaneous
homolytic fragmentation in solution, producing tetramethyl-
piperidinyl radical and the TEMPO radical. The tetramethyl-
piperidinyl radical interacts with 2-naphthol derivatives 58,
leading to the generation of an oxygen-centered radical through
hydrogen atom transfer, which resonates with its respective car-

bon-centered radical. Subsequently, these O- and C-centered
naphthyl radicals selectively react with hypervalent iodine salts
16 at their more electron-poor hypervalent bond, preferentially
transferring the more electron-deficient aryl group to yield the
double arylated products 60 in moderate to good yields.

A synthetic protocol for diaryl ethers via an in situ generation of
a hypervalent iodine salt was introduced by Stuart and
co-workers in 2020. To study the scope of the reaction first
various substituted aryl(TMP)iodonium salts 12 were reacted
with different substituted phenols 61 in the presence of K2CO3
at 55 °C to yield the corresponding products 62 in good to
excellent yield (Scheme 25) [76]. It was observed that both
electronic as well as steric effects on the aryl electrophile and
phenol nucleophile were well tolerated. Further, this study was
used for the one-pot synthesis of diaryl ethers 62, starting with
aryl iodides and phenols 61. In this metal-free reaction,
aryl(TMP)iodonium salts 12 were prepared in situ from aryl
iodides via treatment with m-CPBA, TsOH, and TMB at 55 °C
in acetonitrile, which subsequently react with the substituted
phenols 61 to produce the O-arylated products 62. Acetonitrile
was identified as a suitable solvent for this reaction, resulting in
moderate to good yields of the products. The three main steps in
the reaction were oxidation of the aryl iodide, addition of the
TMP auxiliary, and C–O coupling reaction.
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Scheme 25: Synthesis of diarylethers 62 via in situ generation of hypervalent iodine salts.

Scheme 26: O-Arylated galactosides 64 by reacting protected galactosides 63 with hypervalent iodine salts 16 in the presence of base.

Olofsson et al. worked towards the synthesis of O3-arylated
galactosides 64 by reacting benzyl-protected galactoside 63
with diphenyliodonium triflates 16 at room temperature in the
presence of potassium tert-butoxide as the base (Scheme 26)
[77]. This transition-metal-free approach simplifies the synthe-
sis process. Electron-pushing and -pulling groups at the para
and meta-position of the aryl group were compatible with the
reaction leading to moderate to good yields of products. In
contrast, products with substitutions at the ortho position were
obtained only after heating the reaction mixture to 60 °C. These
compounds were further assessed as inhibitors of galectin-9 and
were found to exhibit selectivity and potency against galectin-9.

In 2021, Chen and colleagues developed a method to synthe-
size naproxen-containing diaryliodonium salts 67 using
naproxen methyl ester 65 and ArI(OH)OTs 66, activated by tri-
methylsilyl trifluoromethanesulfonate (TMSOTf). This synthe-
sis was conducted in a mixture of 2,2,2-trifluoroethanol (TFE)
and dichloromethane [78]. The synthesized naproxen-contain-
ing diaryliodonium salt 67 was further used to modify the aro-
matic ring of naproxen methyl ester 68 (Scheme 27). Various
functionalization reactions which include arylation, iodination,
alkynylation, thiophenolation, amination, and esterification,
were carried out. Among these reactions, esterification was

achieved in moderate yield under metal-free conditions by
reacting the synthesized naproxen methyl ester (2-methoxy-
phenyl)iodonium trifluoromethanesulfonate with p-toluic acid
in the presence of t-BuOH.

Moreover, later in 2022 Chen et al. modified the aromatic ring
of gemfibrozil (69) and its methyl ester using gemfibrozil-
derived diaryliodonium salts 72 synthesized by the aforemen-
tioned procedure [79]. On reacting gemfibrozil 69 in the pres-
ence of bis(4-methoxyphenyl)iodonium diacetate (70) or
ArI(OH)OTs highly regioselective gemfibrozil methyl ester
derived iodonium salts 71 were obtained in moderate to good
yield. These salts were then used for various modifications like
alkynylation, arylation, esterification, etherification, fluori-
nation, and iodination of the gemfibrozil aromatic ring by
reacting them with the corresponding nucleophiles. Notably,
reactions with phenol, thiophenol and benzoic acid using salts
71 in the presence of t-BuOK led to the corresponding products
72 with 61%, 69%, and 77% yields, respectively (Scheme 28).
These reactions occurred under mild conditions and without any
need of transition-metal catalysts.

In 2023, Wu and colleagues successfully synthesized a range of
meta-substituted biaryl ethers. The reaction involves phenols 61
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Scheme 27: Esterification of naproxen methyl ester 65 via formation and reaction of naproxen-containing diaryliodonium salt 67 with p-toluic acid.

Scheme 28: Etherification and esterification products 72 through gemfibrozil methyl ester-derived diaryliodonium salts 71.

Scheme 29: Synthesis of iodine containing meta-substituted biaryl ethers 74 by reacting phenols 61 and cyclic diaryliodonium salts 73.

and cyclic diaryliodonium salts 73, dissolved in tert-butyl
alcohol, in the presence of the base Cs2CO3 yielding iodine-
containing meta-functionalized biaryl ethers 74 (Scheme 29)

[80]. Notably, the reaction occurs under transition-metal-free
conditions, making it environmentally friendly. The team
explored the substrate scope by introducing various substitu-
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Scheme 30: Plausible mechanism for the synthesis of meta-functionalized biaryl ethers 74.

Scheme 31: Intramolecular aryl migration of trifluoromethane sulfonate-substituted diaryliodonium salts 75.

tions on both phenols 61 and diaryliodonium salts 73. Remark-
ably, the method exhibited high regioselectivity, with the substi-
tution at the meta position being observed with up to 99% selec-
tivity in comparison to the ortho position. Specifically, only
electron-withdrawing groups like OMe or CF3 when substi-
tuted at the m-position relative to the iodine center give the
ortho-substituted products in good yield. Additionally, ortho-
disubstituted diaryliodonium salts also led to the formation of
ortho-substituted biaryl ethers in good yield with 99% selec-
tivity and the reason given was the high torsional strain caused
by the ortho-disubstitution on the diaryliodonium salts.

The reaction mechanism involves the deprotonation of the
phenol 61 and diaryliodonium salts 73 via base under high tem-
perature to get phenolate I and benzyne intermediate II, respec-

tively. The phenolate nucleophile reacts with the benzyne inter-
mediate to create a C–O bond, leading to the formation of the
carbanion intermediate III. Lastly, this intermediate is proto-
nated by bicarbonate to yield the final product 74 (Scheme 30).

Furthermore, Wang and his team introduced a novel method to
synthesize ortho-iodo diaryl ethers 77 using intramolecular aryl
migration in trifluoromethanesulfonate-substituted diaryliodo-
nium salts 76 [81]. This reaction occurs under basic conditions
at temperatures ranging from room temperature to 50 °C and is
completed within 12 hours (Scheme 31). The process is atom-
efficient as no aryl residue is wasted as a byproduct. Various
functional groups on both aromatic rings were investigated, and
based on the obtained yields of the products it was concluded
that the reaction is compatible with electron-donating, electron-
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Scheme 32: Synthesis of diaryl ethers 80 via site-selective aryl migration.

Scheme 33: Synthesis of O-arylated N-alkoxybenzamides 83 using aryl(trimethoxyphenyl)iodonium salts 82.

withdrawing, and electron-neutral substitutions. Mechanistic
studies, including a cross-over reaction, indicated that the aryl
migration is intramolecular. In the presence of a base, the
triflate anion is extracted, forming a cationic trifluoromethane-
sulfonyl group as an intermediate. Thus, the products are
believed to form via a sulfonyl-directed nucleophilic aromatic
substitution pathway. Finally, the products are obtained through
the dissociation of the SO2CF3 leaving group from the interme-
diate.

For the late-stage substitution of coumarins, Han and colleagues
developed a method, using hypervalent iodine reagents. At
50 °C in the presence of a base, coumarin-based aryliodonium
salts are produced. These salts undergo an intramolecular aryl
rearrangement to form C(sp2)–O bonds without the need of
metal catalysts [82]. In 2023, this approach was expanded to
synthesize complex functionalized aromatic ring diaryliodo-
nium salts [83]. Various aromatic rings, including multisubsti-
tuted arenes, conjugated arenes, oxygen and nitrogen hetero-
cycles 78 were utilized to prepare these salts using ortho-
triflate-substituted iodobenzene acetate 79. All synthesized
diaryliodonium salts underwent successful aryl migrations,
yielding the expected products 80 efficiently (Scheme 32). The
advantages of this method include late-stage site-selective
O-arylation, transition metal-free conditions, and the presence
of a C–I bond in the product, allowing for further functionaliza-
tion through various coupling reactions, making the reaction
method highly attractive.

In 2022, Dohi and colleagues emphasized the high reactivity of
TMP-iodonium acetates in the O-arylation of phenol deriva-
tives [84]. The study revealed that the blend of the TMP ligand
and the acetate anion in iodonium salts 82 synergistically in-
creased electrophilic reactivity. The ortho-methoxy groups of
TMP boost the basicity of the acetate anion by coordinating
with the iodine(III) center, which facilitates the deprotonation
of phenols. This method was well-suited for various functional
groups, yielding diaryl ethers with significantly improved yields
compared to other diaryliodonium salt reactions. Furthermore,
the same research group extended the use of aryl(trimethoxy-
phenyl)iodonium salts for O-arylation of N-alkoxybenzamides
81 in absence of metal catalsyt at low temperatures [85]. The
reaction resulted in the two products O-arylated 83 and
N-arylated 84 amides (Scheme 33). By reacting various substi-
tuted diaryliodonium salts and the amide it was concluded that
the chemoselectivity between O- and N-arylation could be con-
trolled by adjusting the steric and/or electronic properties of the
diaryliodonium salt and the amide. This approach was helpful in
the formation of O-arylimidates previously unattainable using
metal-catalyzed methods.

S-Arylation
The aryl sulfide moiety is widely present in biologically active
compounds and natural products. Consequently, the synthesis of
aryl sulfides has drawn increasing attention. Diaryliodonium
salts have been reported to be utilized to arylate thiols in a num-
ber of publications in recent years [44,86,87]. In 2022, Sarkar et
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Scheme 34: Synthesis of aryl sulfides 85 from thiols 84 using diaryliodonium salts 16 in basic conditions.

Scheme 35: Base-promoted synthesis of diarylsulfoxides 87 via arylation of general sulfinates 86.

al. demonstrated a synthesis of aryl sulfides 85 from thiols 84
using diaryliodonium salts 16 in basic conditions (Scheme 34).
A multitude of thiols and diaryliodonium salts was examined in
the reaction under optimized conditions, yielding exceptional
yields [88].

To embrace the chemical process, DFT calculations were per-
formed in the study. The results demonstrated that the
diphenyliodonium triflate has a feasible energy barrier of
21.5 kcal/mol and can be readily converted into a stable iodo-
nium thiolate species. This species can further undergo a C–S
bond-forming reductive elimination, providing the sulfide prod-
uct. As a result of C–S bond formation, the oxidation state of
iodine is reduced from +III to +I, causing the loss of hyperva-
lency. This process is extremely exergonic and provides the
driving force for the reaction. Additionally, the alternative
mechanism of a direct attack of the thiolate nucleophile on the
aryl group of the iodonium salt was also investigated. A poten-
tial radical-mediated mechanism was evaluated.

Under mild conditions, a base-promoted arylation of general
sulfinates 86 without the need for transition metals was intro-
duced using diaryliodonium salts 16 as an aryl source
(Scheme 35). Inspired by these encouraging outcomes, Wang

and co-workers looked at the range of substrates that
diaryliodonium salts could occupy. Numerous diaryl sulfoxides
87 were synthesized from the respective substrates 86 bearing
electron-releasing, electron-neutral, and electron-attracting sub-
stituents at various positions of the aryl group. All the tested
anions were well-tolerated. Moreover, the rate of productivity
of the reaction was not significantly impacted by the steric
barrier of the substituents on the sulfonate anions. Further,
diaryliodonium salts with electron-releasing substituents at the
para position of the phenyl groups were good reaction partners.
Additionally, a few electron-withdrawing groups also proved to
be better coupling partners. The tolerance of unsymmetrical
diaryliodonium salts was further verified, resulting in the for-
mation of two distinct products. Notably, the yield of the prod-
uct with the aryl-containing bulky group was significantly
higher compared to the smaller substituents. The arylation of
sulfonate anions by transfer of the aryl group with an iPr sub-
stituent gave good results on using OTf as the counter anion
instead of BF4 [89].

With regard to the mechanism, the base-mediated deproton-
ation of substrates 86 produces the corresponding ester enolate.
This enolate undergoes a retro-Michael reaction, generating
sulfenate anion A. The sulfenate anion A then nucleophilically
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Scheme 36: Plausible mechanism for the arylation of sulfinates 86 via sulfenates A to give diaryl sulfoxides 87.

Scheme 37: S-Arylation reactions of aryl or heterocyclic thiols 88.

attacks the diaryliodonium salts 16, forming hypervalent iodine
intermediates B. Finally, reductive elimination of intermediate
C yields the desired sulfoxides 87 (Scheme 36).

Recently, a detailed study by Thakur and group on the metal-
free arylation of tetrazole-5-thiols 88, exploring various sub-
strate scopes under optimized conditions was conducted
(Scheme 37) [90]. The findings indicated a broad functional
group tolerance to steric hindrance and electronic factors within
this protocol. Investigating the chemoselectivity of unsymmetri-
cal diaryliodonium salts, the researchers noted their compa-
rable electronic factors. Interestingly, the simple phenyl group
was transferred easily rather than the phenyl with substituents,
when an unsymmetrical diaryliodonium salt was employed. If
both phenyls were substituted, then the phenyl ring bearing
electron-withdrawing groups led to minor products, with other
compounds becoming dominant. Further, replacing one aryl
group of the diaryliodonium salt with thiophene favored the for-
mation of phenylated products as the major outcome. Addition-
ally, mercaptoazoles were found to be compatible with this
protocol, expanding its applicability to include these com-
pounds.

The functionalization of peptides and proteins plays a vital
role in the development of therapeutics, particularly in anti-
body–drug conjugates (ADCs). Cysteine (Cys) holds a special
place in this context due to the distinctive nucleophilicity of its
thiol side chain. The cysteine thiol group offers a reactive
handle for site-selective modifications, allowing for the attach-
ment of various functional entities. In 2021, Byrne et al.
published an impressive report detailing a novel protocol for the
chemoselective late-stage variation of proteins and peptides at
cysteine residues 91 and 94 in an aqueous buffer in the pres-
ence of suitably functionalized diaryliodonium salts 92 and 95
(Scheme 38) [91]. This method manifests the synthesis of stable
thioether-linked synthetic conjugates 93 and 96 displaying its
efficacy via the alteration of the affibody zEGFR and the
histone protein H2A. The procedure involved synthesizing the
diaryliodonium salt and appraising the proficiency of oxime
ligation chemistry on the histone H2A protein. The protein was
demonstrated as the T120C mutant via site-directed mutagen-
esis in Escherichia coli and decontaminated by HPLC. A
notable reconciliation was changing the aqueous buffer from
HEPES to phosphate owing to side-product generation during
the arylation in HEPES. The reaction of H2A with the
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Scheme 38: Site-selective S-arylation reactions of cysteine thiol groups in 91 and 94 in the presence of diaryliodonium salts 92 and 95 as aryl source.

Scheme 39: The selective S-arylation of sulfenamides 97 using diphenyliodonium salts 98.

diaryliodonium salt in phosphate buffer resulted in the ex-
pected arylated conjugate in an hour with a maximum of 98%
conversion, yielding sulfur arylated product in 54% isolated
yield after purification by HPLC.

Additionally, the functionalization of the ketone with a protein
conjugate was effectively done with various hydroxylamines
with the assistance of the nucleophilic catalyst 5-methoxyan-
thranilic acid. The resultant histone protein conjugates were
functionalized with TAMRA, biotin and the cell-penetrating
peptide 'penetratin' through oxime ligation, achieving high
conversions (83–93%) in 1–20 hours. Purification by HPLC
yielded the isolated oxime conjugates in excellent amounts.
This methodology presents a promising approach for the late-
stage variation of proteins and peptides, offering versatility and
efficiency in aqueous environments.

In addition to thiols, sulfoxides and sulfilimines have received
significant attention in chemical biology and synthetic chem-
istry due to their versatile properties. Traditional approaches to

sulfilimine synthesis typically include the oxidative imination
of sulfides, often relying on transition-metal catalysts, which
can present limitations. However, a more efficient method for
synthesizing sulfilimines emerged in 2023, involving the selec-
tive S-arylation of sulfenamides 97 with diaryliodonium salts 98
at ambient temperature in the presence of air (Scheme 39).
These innovative approaches offer promising alternatives for
sulfilimine synthesis, potentially overcoming some of the draw-
backs associated with traditional methods. The choice of base
used in the reaction can influence both the reaction duration and
the yield. When the reaction was performed in acetonitrile in
the presence of Cs2CO3 as a base at room temperature for 18 h,
the yield was quite high (conditions A) [92]. Meanwhile, a simi-
lar yield was obtained in 2 h, when NaOH (conditions B) was
used as a base (R2 = acyl). Upon moving to other substrates
(R2 = aryl), the yield dropped significantly. By replacing the
strong base with K2CO3, (conditions C) the product yield in-
creased [93]. Similarly, the arylation of sulfonamides can also
be achieved by using t-BuONa in toluene for an hour at room
temperature in the presence of air (conditions D) [94].
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Scheme 41: Synthesis of S-arylxanthates 102 by reacting DAIS 101 with potassium alkyl xanthates 100.

The mechanism of the reaction involves formation of anionic
intermediates I and II by the action of the base on N-sulfen-
amides 97. Both, the divalent N-centered anion intermediate I
and S-centered anionic intermediate II are the resonating struc-
tures which further react with the diaryliodonium salt to obtain
intermediate III along with the elimination of triflate. Finally,
intermediate III undergoes reductive elimination to produce the
desired sulfilimine 99 (Scheme 40) [92].

Scheme 40: Plausible mechanism for the synthesis of sulfilimines 99.

Synthesizing S-aryl xanthates through transition-metal-cata-
lyzed or SNAr reactions presents challenges due to potential ad-
ditional transformations occurring under the reaction condi-
tions. However, employing diaryliodonium salts 101 for the
S-arylation of potassium O-alkyl xanthates 100 offers a simpler
approach [95]. This method operates under mild conditions,
facilitating the creation of substituted S-aryl xanthates 102
(Scheme 41). Utilizing diaryliodonium salts for the arylation of
xanthate anions provides a pathway for the reaction to proceed
under gentle conditions. This prevents the subsequent transfor-
mation of the obtained S-aryl xanthates, thereby facilitating

their isolation with satisfactory to excellent yields. During the
assessment of the reaction's versatility, first variously substi-
tuted (4-anisyl)(aryl)iodonium salts were explored. The incor-
poration of the 4-anisyl group was expected to enhance selec-
tivity for transferring unsubstituted phenyl groups. As anticipat-
ed, utilizing this component under optimized conditions led to
highly selective reactions. This generated a diverse range of
substituted S-aryl xanthates, with yields spanning from 65% to
91%. The promising biological properties of the S-aryl O-alkyl
xanthates, makes them desirable targets for synthesis, and thus
the exploration of the reaction's scope was broadened to encom-
pass xanthate salts with diverse O-alkyl substituents.

Another potassium salt, potassium thiocyanate (104), was
utilized as a sulfur source, with the sulfur serving as the anionic
counterpart of diaryliodonium salts 105. The subsequent aryl-
ation involved the arylating action of the counter cationic part
of diaryliodonium salts 103 on the anionic thiocyanate compo-
nent. These arylation studies primarily concentrated on iodo-
nium salts represented by 8-membered cyclic heterotetramer I
and 4-membered cyclic heterotetramer structures II, depicted in
Figure 2. The research benefited from the strong regioselectivi-
ty of TMP-substituted iodonium cations in nucleophilic substi-
tution reactions.

Figure 2: Structured of the 8-membered and 4-membered heterote-
tramer I and II.

The reactions were conducted at 100 °C, both in the solid-state
and in DMSO-d6 solution, for comparison. The conventional
S-arylation reactions worked very well in DMSO-d6 solution
yielding the aryl-SCN products 106 (Scheme 42). However, a
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Scheme 42: S-Arylation by diaryliodonium cations 103 using KSCN (104) as a sulfur source.

Scheme 43: S-Arylation of phosphorothioate diesters 107 through the utilization of diaryliodonium salts 108.

significant difference was observed in the solid-state reactions,
particularly with iodonium salts exhibiting 4-membered cyclic
heterotetrameric structural motifs. Here, the major product was
the N-arylation compounds ArNCS, contrasting with the pre-
dominantly S-arylation products obtained in DMSO-d6 solution
reactions [96].

Sarkar and Kalek showcased a novel technique involving the
S-arylation of phosphorothioate diesters 107 through the utiliza-
tion of diaryliodonium salts 108 (Scheme 43) [97]. This ap-
proach enables the facile synthesis of a diverse array of S-aryl
phosphorothioates 109, encompassing complex molecules, and
various other organophosphorus compounds that are arylated at
a chalcogen. Notably, the reaction retains the stereochemistry at
the phosphorus atom, thereby providing a simple method for the
synthesis of P-chiral products.

Computational studies employing DFT calculations were con-
ducted to delve into the mechanism of the reaction. Specifically,
the focus was on understanding the intricacies of the S–Ar bond
formation and providing a rationale for the selectivity favoring
S-arylation over O-arylation. Despite numerous attempts, a
direct nucleophilic attack of a phosphorothioate on the phenyl
ring of the diphenyliodonium salt by substituting an iodine-
based leaving group in an SN2 reaction mechanism, could not
be located. The results showed the phosphorothioate gets at-
tached in the inner coordination sphere of iodine giving inter-

mediates with either P–S–I or P–O–I linkages (109 and 110, re-
spectively). Both the intermediates 109 and 110 were energeti-
cally similar to each other, suggesting an equilibrium between
these species. Homolytic cleavage of the S/O–I bond in 109/110
was found to be highly endergonic, excluding the radical path-
way of the reaction. This was supported by a study including
DPE and TEMPO. The intermediates obtained in the reaction
could undergo aryl transfer by two different pathways, which
included transition states with three- or five-membered rings
(111 and 112, respectively) leading to O- and S-arylation prod-
ucts (Scheme 44). The energetically preferred S–Ar forming
112 (from intermediate 110) and 111 (from intermediate 109)
explained the observed selective S-arylation. It was observed
that the five-membered rings were favored transition states due
to less strain on the ring. The inner sphere mechanism shared
similarities with other aryl transfers using hypervalent iodine
salts, with the unique presence of the transition state with a five-
membered ring (109 and 110) attributed to the structural
arrangement of the phosphorothioate diester. Computational
studies also indicated stereospecific S-arylation of P-chiral
phosphorothioates, consistent with the experimental observa-
tions of retention of configuration at the phosphorus atom
throughout the mechanistic pathway.

Expanding the application of the developed arylation condi-
tions, other P–S nucleophiles and related selenium compounds
were investigated. Aryl transfer to the selenium atom of phos-
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Scheme 44: Transfer of the aryl group from the hypervalent iodonium salt 108 to phosphorothioate diester 107.

Scheme 45: Synthesis of diarylselenides 118 via diarylation of selenocyanate 115.

phoroselenoates 116 was achieved, though with reduced effi-
ciency. To address this limitation, Radzhbov introduced a novel
method for the metal-free diarylation of selenocyanate using
trimethoxyphenyl-substituted iodonium salts 114. This ap-
proach facilitated the synthesis of diarylselenides 118 contain-
ing electron-donating TMP groups in a two-step reaction with-
out the need for isolating intermediate products (Scheme 45)
[98].

To investigate how electron-rich groups influence the arylation,
1,3,5-trimethoxybenzene in the iodonium salts was replaced
with 1,3-dimethoxybenzene. Arylation of SeCN− proceeded
smoothly in all cases, producing selenocyanides with high
selectivity. Surprisingly, when ArSeCN was reacted with
1-iodo-2,6-dimethoxybenzene, it exclusively formed symmetri-
cal diselenides in excellent yields, rather than diarylselanes as
expected.

P-Arylation
Bugaenko et al. established a light-promoted metal-free and
catalyst-free arylation of tertiary phosphines 119 using
diaryliodonium triflate salts 120, yielding quaternary phos-
phonium salts 121 (Scheme 46). Using this novel protocol, a
series of substituted aryl(mesityl)iodonium triflates 120 with
varying electronic and steric effects were examined. The
triflates bearing either electron-pushing or electron-pulling
groups at different positions of the phenyl ring reacted effi-
ciently with excellent selectivity of the aryl group transfer.
Moreover, the reaction shows good compatibility across func-
tional groups. Further, aryls with various electronic substituents
are transferred for all aryl(mesityl)iodonium salts examined,
when the mesityl group is considered to be a "auxiliary" group.
Notably, when electron-rich aryls were transferred, the time
duration of the reaction was elevated to obtain maximum yields.
Since the reaction appears to exhibit electronic preferences
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Scheme 46: Light-promoted arylation of tertiary phosphines 119 to quaternary phosphonium salts 121 using diaryliodonium salts 120.

Scheme 47: Arylation of aminophosphorus substrate 122 to synthesize phosphine oxides 123 using aryl(mesityl)iodonium salts 120.

based on the observed chemoselectivity, it is recommended that
the more electron-poor aryl group is transferred. Additionally,
the scope of various tertiary phosphates concluded that
changing the predetermined reaction conditions is not required
to overcome the steric hindrances. Furthermore, with no indica-
tions of the N-quaternization products, the arylation of addition-
al organophosphorus(III) compounds, including phosphinous
and phosphonous amides, likewise proceeds fruitfully [99].

Karchava and team expanded the use of hypervalent iodine salts
to the arylation of aminophosphorus compounds 122, resulting
in the formation of phosphine oxides 123 through oxidative
P–N bond cleavages. This innovative method relies solely on
light with wavelength of the visible region as the catalyst to
achieve C–P bond formation and tolerates various functional
groups.

It was observed that on irradiating 4-(diphenylphosphino)mor-
pholine (122) dissolved in acetonitrile with blue LED of
400–410 nm wavelength and power of 6 W in the presence of
aryl(mesityl)iodonium triflates 120 yielded aminophosphonium
salts 123 within 4 h (Scheme 47). The reaction did not require
any additive or high temperature and was highly selective as no
products were obtained due to N-arylation or mesityl transfer. It
was noticed that the steric effect had more influence on the

selectivity of the aryl transfer in comparison to the electronic
effect. The protocol was successful in synthesizing phosphine
oxides even in the presence of a substituent at the ortho posi-
tion, demonstrating that the protocol has excellent tolerance
towards steric hindrance [100].

Rearrangement reactions
In 2022, Kepski demonstrated an unexpected arylation phenom-
enon when diphenyliodonium triflate (16) was heated in
DMSO. It has been observed that diaryliodonium salts with sub-
stitution on phenyl and cyclic DAIS are less prone to react with
DMSO. The reaction with DMSO is thought to follow a mecha-
nism similar to the Pummerer and interrupted-Pummerer pro-
cesses. The reaction starts with the arylation of the oxygen in
DMSO yielding sulfonium ion 126, which further deprotonates
to give ylide 127. Succeeding thia-Sommelet–Hauser rearrange-
ment of ylide 127 affords compound 128. Rearomatization then
yields the product 129, which immediately oxidizes to sulf-
oxide 125 in the presence of silica (Scheme 48). Since the 1,4-
alkylated phenol is not obtained which indicates that the process
involves rearrangement instead of elimination of phenol and
subsequent addition [101].

Gao and group observed a similar rearrangement when
diaryliodonium salts 131 were treated with arylhydroxylamines
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Scheme 48: Reaction of diphenyliodonium triflate (16) with DMSO (124) via thia-Sommelet–Hauser rearrangement.

Scheme 49: Synthesis of biaryl compounds 132 by reacting diaryliodonium salts 131 with arylhydroxylamines 130 in the presence of a base.

130 in the presence of a base. After optimizing the reaction
conditions, they investigated the scope and limitations of this
transformation. They found that this transition-metal-free
tandem approach could be applied to a wide range of arylhy-
droxylamines 130 and diaryliodonium salts 131, yielding
diverse highly functionalized biaryl amino alcohol motifs 132
(Scheme 49). They successfully obtained the desired racemic
NOBIN-type products in decent to outstanding yields, show-
casing excellent regioselectivity. Both the starting material
compounds’ 130 and the diaryliodonium salts’ 131 substituents
were effectively accommodated under the standard conditions.
Notably, this methodology enabled the efficient preparation of
biarylamino alcohols with multiple halogens or trifluoromethyl
substitutions, which are challenging to access through conven-
tional approaches. Furthermore, the protocol was also suitable
for synthesis of naphthyl–phenyl non-C2-symmetrical biaryls.

The transformation was scalable, and the resulting biaryls could
be further converted into new heterocycles and atropisomeric
biaryl compounds [102].

Recently, Nie et al. approached a transition-metal-free
diaryliodonium salt-mediated protocol to synthesize a series of
functionalized N-(tetrahydrofuran-2-yl)-3-(2-hydroxyaryl)inda-
zoles 135 and 3-(2-hydroxyaryl)indazoles 134 with moderate to
good yields. The reported method encompasses a radical
O-arylation followed by a sequential [3,3]-rearrangement
cascade approach starting from N-hydroxyindazoles 133 and
diaryliodonium salts 16 (Scheme 50). The quantity of
diaryliodonium salts added to the reaction strongly influenced
the structure of the expected products. The mechanistic study
found that both O-arylation and N–O bond cleavage proceed via
a [3,3]-rearrangement, which involves the transformation of
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Scheme 50: Synthesis of substituted indazoles 134 and 135 from N-hydroxyindazoles 133.

specific groups within the molecules. Furthermore, this rear-
rangement occurs through a process involving radicals formed
between different molecules, known as an intermolecular
radical process. The reaction confirmed tolerance towards a
number of functional groups, as aldehydes, esters, and halides
[103].

Conclusion
In conclusion, this review emphasises the exceptional selec-
tivity and reactivity of DAIS that facilitate efficient arylation
reactions with a diverse range of nucleophiles. This work
includes recent advancements in practically simple and scalable
methods for the arylation of carbon, nitrogen, sulfur, oxygen,
and phosphorus in metal-free conditions. Both symmetrical and
unsymmetrical diaryliodonium salts are employed to yield
arylated products. Generally, it is observed that in unsymmetri-
cal diaryliodonium salts, the transfer of the aryl group is influ-
enced by its steric and electronic properties, favoring the
transfer of the aryl group with lower electron density and less
steric hindrance.
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Abstract
Hypervalent iodine(III) reagents have become indispensable tools in organic synthesis, but gaps remain in the functionalities they
can transfer. In this study, a fundamental understanding of the thermal stability of phosphorus-iodonium ylids is obtained through
X-ray diffraction, differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). Insights into the structural
factors affecting thermal stability and potential decomposition pathways will enable the future design and development of new
reagents.

2931

Introduction
Hypervalent iodine(III) reagents have experienced a renais-
sance in synthetic organic chemistry, becoming indispensable
tools in total synthesis, late-stage functionalisation and radiola-
belling [1-9]. Due to their great mechanistic flexibility, includ-
ing reactivity as oxidants, electrophiles, radical precursors and
transmetalating agents, they often enable access to chemical
motifs that are difficult to synthesise using traditional ap-
proaches. However, gaps remain in the functionality they can
transfer. Specifically, unstabilised alkyl groups are still under-
represented. For the development of new hypervalent iodine
reagents to bridge this gap, it is vital to gain a fundamental
understanding of the structural factors affecting their stability
and reactivity.

Previous reports have suggested a link between structural
factors and thermal stability of hypervalent iodine compounds
[10-16]. Iodine(III) compounds are generally trigonal bipyra-

midal (T-shaped) with the least electronegative group and the
two nonbonding electron pairs occupying the equatorial posi-
tions, and the most electronegative substituents forming a
hypervalent 3-centre-4-electron (3c-4e) bond in the axial posi-
tion (Figure 1A) [17,18]. The LUMO of this bond is concen-
trated on iodine [19], making it highly electrophilic, while a
nonbonding pair of electrons is mainly centred on the axial sub-
stituents, causing a build-up of electron density on these posi-
tions (Figure 1A) [1,20]. Stabilisation of this charge on the axial
substituents by strong electron-withdrawing groups or delocal-
isation into a π-system results in crystalline, bench-stable
reagents. In the absence of stabilising factors, rapid decomposi-
tion occurs [21-23].

In this study, we aim to gain a fundamental understanding of the
factors that stabilise phosphorus-iodonium ylids 1 (Figure 1B)
[24-27] and the mechanisms by which they decompose when
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Figure 1: Structure and stability of hypervalent iodine compounds.

heated through a systematic investigation of structural data from
X-ray diffraction (XRD) and thermal stability data from differ-
ential scanning calorimetry (DSC) and thermogravimetric anal-
ysis (TGA). The insights from this study will galvanise the
rational design and synthesis of novel, unstabilised hypervalent
iodine(III) compounds and expand the application of these pow-
erful reagents in organic synthesis.

Results and Discussion
Structural data
Twelve phosphorus-iodonium ylids were synthesised
(Figure 2). X-ray diffraction data (XRD) of compounds 1a–f
and 1i were measured (see Supporting Information File 2), and
data for compounds 2–4 were sourced from the literature
[24,26,28]. A representative set of structural parameters ob-
tained from XRD is presented in Table 1.

All compounds show a trigonal bipyramidal structure, in which
the 3-centre-4-electron bond is slightly distorted from linear ge-
ometry by 5–20° (Table 1). The short C–P and C–C bonds (d
and e) in the phosphorus ylid moiety confirm Moriarty and
Zhdankin’s observation that the ylid exists mainly in its enolate
form (Figure 1B) [24,25] to stabilise the build-up of negative
charge on this substituent in the hypervalent bond. The long
I–X distances (a = 2.758–4.165 Å) are indicative of ionic com-
pounds, with the exception of the cyclic benziodoxolone 2, in
which a covalent I–O bond is observed (a = 2.484 Å). We were
unable to obtain a crystal structure of the ortho-nitro compound
1j. However, a previously reported crystal structure of ylid 3,
which also contains an ortho-nitrobenzene substituent, suggests
a pseudocyclic structure where the nitro group is coordinating
to the iodine centre (a(I–ON) = 2.695 Å) [28], which we propose
is likely to be the case in 1j as well.

In the acyclic tetrafluoroborate (1a), triflate (1b), chloride (1c)
and nitrate (1d), the anion X– occupies the position trans to the
arene substituent, with the ylid in the equatorial position. In
tosylates 1e and 1f, as well as the cyclic and pseudocyclic struc-
tures 2 and 3, the anion or coordinating ligand occupies the po-
sition trans to the ylid substituent, with the aryl substituent in
the equatorial position. Substituents on hypervalent iodine com-
pounds can interconvert via Barry pseudorotation [31] and,
interestingly, the crystal structure for compound 1i contains two
isomers in its unit cell, with the tosylate trans to the arene in
one (θ2 = 177.8) and trans to the ylid in the other (θ1 = 169.5),
which suggests that this isomerisation is fast at room tempera-
ture and the position of the anion has no significant effect on the
stability of these compounds. This hypothesis is further sup-
ported by the absence of a trans effect. While studies by Ochiai
and Suresh found that strong sigma donors X cause a length-
ening and weakening of the trans I–R bond in R–I(Ar)–X
iodanes [32,33], little variation is observed in the I–C(ylid) (b)
and I–C(arene) (c) bonds across the range of compounds inves-
tigated in our study (Table 1).

Thermal stability data
The phosphorus-iodonium ylids were analysed by differential
scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) [34,35], and results have been summarised in Table 2
and Figure 3. (The full dataset is available in Supporting Infor-
mation File 1.) All compounds show a multi-step mass loss be-
haviour with a range of TGA decomposition onset tempera-
tures (Tonset) between 107–137 °C, with the exception of three
compounds that are stable to higher temperatures (1a: Tonset =
176 °C, ΔH = 134 J/g; 1j: 172 °C, 130 J/g; 2: 225 °C, 274 J/g;
Table 2) and two highly unstable compounds (1d: 88 °C,
671 J/g; 1k: 74 °C, 70.2 J/g; Table 2).
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Figure 2: Phosphorus-iodonium ylids investigated in this study: Yields (for synthetic procedures, see Supporting Information File 1), structure and
thermal data. The decomposition onset temperature, Tonset, and the number of decomposition steps (in brackets) were determined by TGA measure-
ments, ΔH was obtained by DSC.

Table 1: XRD data.

Bond lengths [Å]a Bond angles [°] Torsion
angle [°]

a b c d e θ1 θ2 θ3 φ

1a 4.165(2) 2.026(7) 2.108(7) 1.742(7) 1.421(9) 98.2(4) 158.85(5) 99.2(3) 29.5(7)
1b 3.069(3) 2.026(4) 2.129(4) 1.740(5) 1.454(7) 90.6(1) 160.6(2) 100.0(2) 38.3(5)
1c 3.1411(5) 2.051(2) 2.134(2) 1.736(2) 1.422(3) 89.40(6) 174.24(5) 95.92(8) 40.8(2)
1db 3.16(1)b 2.07(2) 2.12(1) 1.72(1) 1.39(2) 101.6(5)b 157.7(5)b 97.0(6) 50.0(1)
1e 2.910(4) 2.048(5) 2.123(6) 1.736(6) 1.430(7) 169.1(2) 77.5(2) 97.2(2) 41.5(5)

1f-h1c 2.839(6) 2.050(7) 2.133(8) 1.736(7) 1.417(13) 170.0 (3) 84.25(3) 96.6(3) 46.2(7)
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Table 1: XRD data. (continued)

1f-h2c 2.832(7) 2.042(7) 2.107(7) 1.726(7) 1.442(10) 171.6(3) 82.95(3) 96.6(3) 47.2(6)

1id
2.803(4) 2.046(5) 2.112(3) 1.727(6) 1.429(8) 169.5(2) 76.6(2) 96.0(2) 58.7(5)
2.758(3) 2.057(5) 2.119(3) 1.738(6) 1.432(8) 84.5(2) 177.8(2) 97.0(2) 44.0(5)

2 [26] 2.484(3) 2.056(3) 2.134(3) 1.736(3) 1.439(4) 169.2(1) 72.5(1) 97.0(1) 2.9(3)
3 [28] 2.695 2.050 2.119 N/A 1.449 168.0 68.8 99.9 4.8
4 [24] 4.062 2.056 2.094 1.709 1.457 92.6 168.4 96.8 42.9

aStandard bond lengths: P=C 1.66 Å, P–C 1.87 Å, C=C 1.34 Å, C–C 1.46 Å, CAr–I(I) 2.095 Å, CAr–I(III) 2.0–2.1 Å (diaryliodonium salts), C(sp3)–I(I)
2.162 Å, C(sp3)–I(III) 2.21–2.22 Å [22,29,30]. bThe I–X bond length a is measured from I to the closest O in the nitrate anion. θ1 and θ2 are reported
as the C–I–N bond angles. cTwo different solvatomorphs were obtained (1f-hydrate1 and 1f-hydrate2, see Supporting Information File 1); bond
length and angle data for both solvatomorphs are given in the table. dTwo isomers exist in the unit cell of 1i, with X– axial (θ1 = 169.5) in one of them
and equatorial (θ2 = 177.8) in the other; bond length and angle data for both isomers are given in Table 1.

Table 2: DSC and TGA dataa.

DSC TGA

Peaksb Mass loss?c Tonset Tpeak Enthalpy Tonset Steps
[°C] [°C] ΔH [J/g] [°C]

1a 1 N 151.39 159.42 104.61 175.68 3
2 Y 182.30 186.56 134.15

1b u/r Y 59.53 88.36 179.81 106.65 4–6
1c 1d 129.31 104.35 9.89 137.17 2–4
1d 1 79.51 84.66 671.31 88.23 2
1e 1 N 85.64 91.84 39.95 137.01 3

2 Y 114.48 124.06 267.18
1f 1 Y 115.16 121.31 273.83 124.93 4–5
1g 1 Y 101.98 110.95 268.36 118.07 4
1h 1 Y 106.21 118.93 167.70 122.81 4–5

2 Y 121.95 131.75 78.30
1i 1 Y 91.13 109.50 184.10 121.14 4

2 Y 115.65 127.01 41.10
1je 1 Y 152.52 160.16 129.70 172.10 4

2 Y 165.89 173.80 87.50
1kf 1 52.68 71.92 70.18 73.62 4
2 1 N 100.41 101.88 22.88 224.08 1–3

2 Y 214.56 220.84 273.90
aHeating rates (DSC and TGA): 10 °C min−1. bu/r = unresolved. cMass loss is taken as <99% mass in the TGA at Tpeak in the DSC. dThe thermo-
gram shows a range of complex peaks after this first peak. eA glass transition temperature of Tg = 32.24 °C was observed. fHeating rate (DSC and
TGA): 5 °C min−1.

We were interested to investigate whether we could identify
structural features that could explain these outliers. We ob-
served a quantifiable anion (X) effect, with acyclic tetrafluoro-
borate 1a showing greater stability than the other acyclic phos-
phorus-iodonium ylids, while nitrate 1d was highly thermally
labile [36]. However, we were unable to rationalise or predict
the anion effect with parameters such as the anion’s donor
ability σm, which has previously been used as a measure of its
trans effect (Supporting Information File 1, Figure S6), the

Kamlet–Taft hydrogen bond acceptor ability (β) (Supporting
Information File 1, Figure S7) [37], the pKa of the conjugate
acid HX (Figure S8), or the anion’s position (axial vs equato-
rial).

The main stabilising factor we identified was the torsion angle φ
between the hypervalent R–I–X bond and the plane of the arene
substituent (Figure 3c): When the plane of the arene ring was
parallel to the R–I–X bond (φ < 5°), relatively stable com-
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Figure 3: (a) Selected TGA thermograms of phosphorus-iodonium ylids at 10 °C min−1 in N2 (full dataset in Supporting Information File 1). (b) First
derivatives of TGA thermograms normalised to the intensity of the first peak. (c) Correlation of Tonset with the dihedral angle φ (between the R–I–X
bond and the plane of the arene substituent). (d–g) DSC thermograms overlaid with TGA thermograms with integration windows (dashed lines).
Points 5–8 on the TGA thermogram denote calculated weight % values for the decomposition products 5–8 shown in Figure 4a. (h) Enthalpy deconvo-
lution in DSC data of 1j by Gaussian fit.

pounds ensued, while a large twist away from planarity resulted
in compounds that were destabilised towards thermal decompo-
sition. For example, compound 1d, which was extremely ther-
mally labile, had the largest dihedral angle (φ = 50°), i.e., the
strongest twist away from planarity, while 1a had the smallest
dihedral angle (φ = 29°) of the acyclic compounds and showed
the highest stability. In benziodoxolone 2 (φ = 3°) and pseudo-
cyclic 1j (cf. φ (3) = 5°) [28], the arene ring is virtually in the
same plane as the 3-centre-4-electron bond, giving rise to the
most stable compounds in our series (Tonset (2) = 225 °C;
Tonset (1j) = 172 °C). By contrast, mesityl phosphonium ylid 1k
showed very low thermal stability (Tonset = 74 °C, ΔH = 70 J/g).

Ortho-methyl groups have been shown to destabilise iodonium
species by inducing a larger hypervalent twist [31,38,39], and
while we were unable to obtain a crystal structure of 1k, a large
dihedral angle (φ = 43°) was observed in Moriarty’s ortho-
methylbenzene phosphonium ylid 4 [24], which is structurally
similar.

While most DSC thermograms of our phosphorus-iodonium
ylids showed single exothermic peaks during the first step of
thermal decomposition (Figure 3d), some samples (1a, 1e, 2)
had exothermic peaks without mass loss (Figure 3e, 3g). It is
possible that these peaks correspond to a geometric rearrange-
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Figure 4: (a) Proposed decomposition mechanism based on ex situ analysis (1H, 31P NMR, ESI-MS) following aborted TGA experiments. (b–c) TGA
and derivative plots for 1e and commercial samples of decomposition products 6 (Br− salt), 8 (Br− salt) and PPh3. (d–g) TGA thermograms replotted
to show the molecular weight as a function of temperature assuming 100% conversion (i.e., constant moles) with decomposition product marked.

ment, e.g., Berry pseudorotation, which occurs prior to
decomposition [31]. A large dihedral angle φ is thought to facil-
itate this rearrangement, thus accelerating decomposition
[38,39].

Decomposition mechanism
Further analysis was carried out to gain a better understanding
of the decomposition mechanism.

Despite large differences in Tonset, most samples showed rela-
tively consistent second decomposition steps at ca. 225 °C

(Figure 3b), which is indicative of a common decomposition
intermediate for all compounds. To investigate this common
intermediate, ex-situ mass spectrometry (MS) and NMR analy-
sis were carried out on aborted TGA runs of compounds 1e, 1i,
1j and 1k that had been held at a constant temperature T1
(50–140 °C, see Supporting Information File 1) under an N2 at-
mosphere in open pans for 30 min or until a mass loss >5% of
the original mass was observed, then heated to temperature T2
(136–205 °C, see Supporting Information File 1) until 20–40%
mass loss of original weight. Based on this data, the following
decomposition mechanism is proposed (Figure 4a):
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MS, 1H and 31P NMR analysis after heating to T1 showed the
presence of (methyloxycarbonylmethyl)triphenylphosphonium
salt 6 and (iodomethyl)triphenyl-phosphonium salt 7.
Homolytic or heterolytic scission of the I–C(ylid) bond with
loss of ArI (path a) would result in a carbene, though it is
unclear how this would transform to compound 6. Alternatively,
scission of the I–C(Ar) bond with loss of benzyne (path b)
results in (methoxycarbonyl(iodo)methyl)triphenylphosphoni-
um salt 5 (observed by MS). Deiodination or decarboxylation
from this intermediate afford 6 and 7, respectively. After
heating to T2, (methyl)triphenylphosphonium salt 8 is observed,
which may be formed from 6 and 7 by decarboxylation and loss
of iodine, respectively. Decomposition products 5–8 have been
marked on the TGA thermograms in Figure 3d–f. All points fall
within the first mass loss step, suggesting that decomposition to
compound 8 occurs in a single TGA step (labelled ‘step 1’ in
Figure 4b–c). (Note that a single TGA step does not necessarily
correspond to one elementary reaction [40].) This is further con-
firmed by Figure 4d–g, which show that calculated molecular
weights of the (methyl)triphenylphosphonium salts 8 coincide
with the end of the first TGA step. Compound 8 likely has
compromised stability from other residual decomposition prod-
ucts and the second TGA step represents further decomposition
of 8 to PPh3 or a similar molecular weight salt (Figure 4a, step
2).

To confirm our mechanistic proposal for decomposition step 1,
a commercial sample of (methyloxycarbonylmethyl)triphenyl-
phosphonium bromide 6 was analysed by TGA (Figure 4b,c).
The thermogram showed three decomposition steps, with a
Tonset value of 164 °C. The molecular weight plot shows an
endset value corresponding to the molecular weight of 8 after
the first TGA step (Figure 4g), supporting the proposition that 6
decomposed to 8.

Importantly, DSC data captures the enthalpy of decomposition
for TGA step 1 only (decomposition of phosphorus-iodonium
ylids 1 and 2 to (methyl)triphenylphosphonium salt 8). This
suggests that differences in the enthalpy of decomposition ΔH
arise mainly due to difference in the aryl substituent and the
anion.

When analysing para-substituted phosphoranyl(aryl)iodonium
compounds 1f–i, no direct correlation between the substituents’
Hammett parameter σp and the decomposition onset tempera-
ture Tonset was observed (Supporting Information File 1, Figure
S13). However, the DSC thermograms of iodonium ylids with
electron-poor aryl substituents (1h,i) showed two exothermic
peaks (Figure 3f), which suggests that two competing decompo-
sition pathways may be occurring in these compounds, compli-
cating the data and any correlations drawn from it. While DSC

decomposition enthalpies of both steps can be deconvoluted
(Figure 3h), further studies are necessary to fully understand the
electronic effect of the arene substituent.

Conclusion
A systematic investigation of phosphorus-iodonium ylids was
carried out, correlating structural data from X-ray crystallogra-
phy with thermal stability data from DSC and TGA measure-
ments.

A common decomposition mechanism involving scission of the
C(ylid)–I bond or the C(Ar)–I bond was proposed based on ex
situ MS and NMR analysis, resulting in the formation of
(methyl)triphenylphosphonium intermediate 8. The nature of
the arene substituent (I–Ar) and anion (X) appear to play an im-
portant, yet currently unquantifiable, role in this decomposition,
which will be elucidated with future computational studies.

It was, however, found that the torsion angle φ (or ‘hypervalent
twist’) between the plane of the arene substituent and the hyper-
valent 3-centre-4-electron bond was instrumental: When the
arene ring was locked in the same plane as the R–I–X bond
through formation of a cyclic or pseudocyclic structure (φ < 5°),
relatively stable compounds ensued, while a large twist away
from planarity resulted in compounds that were destabilised
towards thermal decomposition.

We envisage that the insights gained from this study will stimu-
late the design and synthesis of new hypervalent iodine com-
pounds, expanding the functionalisation reactions currently
available through these useful reagents in organic synthesis.
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Abstract
The chemistry of hypervalent iodine (HVI) reagents has gathered increased attention towards the synthesis of a wide range of
chemical structures. HVI reagents are characterized by their diverse reactivity as oxidants and electrophilic reagents. In addition,
they are inexpensive, non-toxic and considered to be environmentally friendly. An important application of HVI reagents is the syn-
thesis of halogenated cyclic compounds, in particular, the intramolecular HVI-mediated halocyclisation of alkenes using carbon,
oxygen, nitrogen or sulfur nucleophiles. Herein, we describe the examples reported in the literature, which are organised by the dif-
ferent halogens involved and the internal nucleophiles.

3113

Introduction
Halogenated carbocyclic and heterocyclic compounds are
present in many active pharmaceutical ingredients [1,2]. The
intramolecular halocyclisation of alkenes mediated by HVI(III)
reagents allow access to a range of halogenated cyclic scaffolds
in a cost effective and selective, one-pot transformation. Phar-
maceutical uses for bio-active cyclic molecules accessible by
I(III) reagents are plentiful; anticancer drugs can be formed
from the basis of pyrrolo[2,3-b]indoles 1 [3,4], 2-oxazolines 2
[5,6], dihydrofuran 3 [7,8], and spirocyclic scaffolds 4 [9,10]
(Figure 1). Halogenated cyclised structures have also been

found to exhibit medicinal and pharmaceutical properties, in-
cluding antibacterial [11], antibiotic [12], and enzyme inhibi-
tion [13] among others.

The general mechanism for the HVI-mediated halocyclisation
of alkenes proceeds firstly through the coordination of an
alkene by the HVI reagent, which activates it toward intramo-
lecular attack by an internal nucleophile. Following this, substi-
tution of the iodane(III) can occur from the nucleophilic halide
in solution to reveal the halo-cyclised product (Figure 2).

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:a.lennox@bristol.ac.uk
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Figure 1: Example bioactive compounds containing cyclic scaffolds
potentially accessible by HVI chemistry.

Figure 2: A general mechanism for HVI-mediated endo- or exo-halocy-
clisation.

In this review, we have collected and described the HVI-medi-
ated halocyclisation reactions reported in the literature for each
halide. We have organised the examples firstly by the halide
nucleophile, and then secondly by the internal heteroatom
nucleophile involved in the cyclisation. The selectivity (chemo-,
regio-, stereo-) of the reaction, which is influenced by the type
of HVI reagent, the nature of the substrates employed and the
proposed mechanism from the authors are all described. The
halocyclisation of alkenes to make halogenated carbo or hetero-
cycles is yet to be covered by a review, which is the vacancy

this review aims to fill. The synthetic uses of HVI reagents [14-
16], their involvement in heterocycle synthesis [17-19], and
alkene functionalisation [20,21], have each been well-reviewed
elsewhere.

Review
Hypervalent iodine-mediated fluorocyclisation
Fluorine can substantially improve the activity of biologically
relevant molecules [22], and compounds containing fluorine
have seen huge success in medicine and agrochemicals, with
over 30% of small molecule drugs [23,24] and 16% of pesti-
cides [25] now containing fluorine atoms. A range of syntheti-
cally important fluorinated hetero- and carbocycles can be syn-
thesized mildly and effectively using HVI reagents.

Nitrogen nucleophiles
A metal-free synthesis of β-fluorinated piperidines was re-
ported in 2012 by Meng, Li and co-workers (Scheme 1) [26].
The authors describe a reaction using PhI(OPiv)2 as oxidant
with HF·pyridine as the source of fluoride and BF3·OEt2 as acti-
vator. A range of unsaturated amines 5 were cyclised to racemic
β-fluorinated piperidines 6. Good yields were reported for all
compounds except those with substituents present on the
alkene. Homologation of the carbon chain from 5 to 6 carbons
gave both 6- and 7-membered rings in poor yield with α prefer-
ence for 7-membered rings 7 in a ratio of 1:9.3.

Scheme 1: Metal-free synthesis of β-fluorinated piperidines 6. Ts =
tosyl.
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Scheme 2: Intramolecular aminofluorination of unactivated alkenes
with a palladium catalyst.

The authors proposed two mechanisms for the reaction
(Scheme 1). In pathway A (top), the alkene-activated iodonium
is formed, intramolecular attack of nitrogen forms the 6-mem-
bered ring A before an SN2 reaction with the fluoride ion to
displace PhI. In pathway B (bottom), the nitrogen is oxidised by
the iodane, generating an electrophilic intermediate B. Nucleo-
philic attack by the double bond subsequently forms the
6-membered ring intermediate C, which is either immediately
attacked by fluoride to form both cis and trans products or
stabilised by the tosyl group and subsequently attacked to form
only the cis product in an SN2 reaction.

Liu and co-workers reported a palladium-catalysed intramolecu-
lar aminofluorination of unactivated alkenes [27] (Scheme 2) in
the presence of PhI(OPiv)2, AgF and MgSO4 as an oxidant,
source of fluorine and additive, respectively. Racemic β-fluori-
nated piperidines 6 were synthesised in excellent yields, under
mild conditions. A small amount of amino carboxylation side-
product was determined to have been additionally produced
from the reaction. A range of other alkenes were cyclised in
good yields, demonstrating the scope of the reaction. The
authors proposed an alternative reaction mechanism to those
already described, in which trans-aminopalladation of the
alkene, mediated by Pd(II), occurs with intramolecular attack of
the nitrogen on the terminal carbon, generating a 6-membered
ring A (Scheme 2). The Pd(II) intermediate is oxidised by
PhI(OPiv)2/AgF, forming Pd(IV). Formation of the product can
occur either by reductive elimination by Pd(IV) or SN2 nucleo-
philic attack by fluorine with concomitant palladium reduction.

Scheme 3: Aminofluorination of alkenes in the synthesis of enantio-
merically pure β-fluorinated piperidines. PMB = para-methoxybenzene,
athe ee value was determined after Cbz group was replaced with tosyl
group, bthe value in brackets corresponds to the ee value after crystal-
lization. PG = protecting group.

Reductive elimination of the Pd(II) intermediate forms the C‒F
bond to give predominantly the trans product, but this pathway
competes with a less favourable SN2 nucleophilic attack by
fluorine to form the cis product. However, a mechanism entirely
mediated by the I(III) HVI reagent, with the Pd(OAc)2 only
acting as a Lewis acid to activate the HVI reagent, was not
ruled out.

In 2013, Nevado and co-workers used (R,R)- and (S,S)-tert-
butyl lactate iodotoluene difluoride (8) for the aminofluorina-
tion of alkenes toward the synthesis of enantiomerically pure
β-fluorinated piperidines 6 (Scheme 3) [28]. A range of enantio-
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Scheme 5: Intramolecular fluoroaminations of unsaturated amines published by Li.

merically pure fluorinated piperidines were synthesised in mod-
erate to excellent yields and enantiomeric excesses. In addition
to the synthesis of 6-membered rings, 7-membered hexen-
amines 7 were synthesised. To the authors’ surprise, reaction
conditions for the synthesis of β-fluorinated piperidines 6
afforded no product. The reaction instead proceeded with addi-
tion of dichloro(pyridine-2-carboxylato)gold(III) complex in
combination with silver triflimide, AgNTf2. A range of β-fluo-
roazepanes 7 were successfully synthesised with high enan-
tiomeric purity in good yields. A mechanism for the synthesis
of β-fluorinated piperidines was proposed by the authors
(Scheme 3). Activation of the HVI reagent by H-bonding leads
to ligand exchange to give an aminofluoro iodonium intermedi-
ate A. Cyclisation occurs via nitrogen attack on the alkene to
then give aziridinium intermediate B. Subsequent nucleophilic
attack by fluoride on the more substituted carbon that is more
cationic leads to the product.

Synthesis of β-fluorinated piperidines 6 with in situ-generated
HVI reagent was reported in 2014 by Kita, Shibata and
co-workers (Scheme 4) [29]. Using difluoroiodotoluene 10,
formed in situ from 4-iodotoluene, pyridine·HF and m-CPBA,
intramolecular aminofluorination of a range of unsaturated
amines formed β-fluorinated piperidines 6 and 3-fluo-
roazepanes 7 in good yields. Again, yields only significantly
fell with substrates containing substituents on the alkene.
Depending on the length of the alkyl chain, both 6- and 7-mem-
bered rings were formed. The use of a chiral aryl iodide was
tested, which gave products with low enantiomeric excess.
However, these preliminary trials represent the first example of
a catalytic, enantioselective HVI-mediated fluorocyclisation.

The authors proposed a mechanism (Scheme 4) for this reac-
tion that involved iodoarene difluoride 10 being generated from
iodosylarene 9 (ArI=O) and HF, with iodosylarene itself gener-
ated by aryl iodide and m-CPBA. Ligand exchange of iodoarene

Scheme 4: Synthesis of β-fluorinated piperidines.

difluoride with nitrogen and reaction with the alkene forms
aziridinium intermediate A which, after nucleophilic attack by
fluoride, forms the product.

Li reported a haloamination of unsaturated amines in 2014
(Scheme 5) [30], to form fluorinated piperidines 6 using
PhI(OAc)2 as an oxidant and BF3·OEt2 as the source of fluo-
ride. Fluorocyclisations gave lower yields compared to other
halocyclisations reported by the authors. Aminoacetylation of
the alkene competed with the aminofluorination to form
3-acetoxypiperidines 11. Other sources of fluoride were tested,
with metal fluoride salts giving no or trace products. The
authors reported that only 6-membered rings were formed, with
a range of substituents on the β-carbon of the alkene. The
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authors proposed a mechanism for the reaction, in which the
alkene is activated by PhI(OAc)2, followed by intramolecular
nucleophilic attack of nitrogen and displacement of iodo-
benzene by fluoride.

The intramolecular aminofluorination of unsaturated amines
using a structural analogue of Togni’s reagent, 1-fluoro-3,3-
dimethylbenziodoxole (12), was reported in 2015 by Szabó
(Scheme 6) [31]. With catalytic Zn(BF4)2, 1-fluoro-3,3-
dimethylbenziodoxole mediated the formation of fluorinated
piperidines 6 and hexanamines 7 in high yields. A range of
unsaturated amines with substituents on both carbons of the
alkene were successfully cyclised in similarly good yields.
However, increased substitution on the alkene resulted in an in-
creased reaction time, with 9 hours required for disubstituted
alkenes compared to 3 hours for non-substituted alkenes. With
extended chain lengths, 5-, 6- and 7-membered aza-hetero-
cycles were synthesised in good yields.

Scheme 6: Intramolecular aminofluorination of unsaturated amines
using 1-fluoro-3,3-dimethylbenziodoxole (12). PG = protecting group.

The authors proposed a mechanism for the fluorocyclisation
reactions (Scheme 6), which relies on the activation of the
fluoro-iodane reagent 12 with the zinc catalyst. The activation
enables better orbital overlap to occur with the π bond of the
alkene to form an iodonium species. Nucleophilic attack occurs
on the least hindered carbon of the iodonium, before displace-
ment of the HVI by fluoride to give the product.

Zhang and co-workers reported the intramolecular aminofluori-
nation of unsaturated amines using an HVI reagent generated in
situ from iodosylbenzene 9 (Scheme 7) [32]. The authors re-
ported the synthesis of 3-fluoropyrrolidines 14 with BF3·OEt2
as a source of fluoride for the intramolecular aminofluorination
of homoallylic amines 13. The authors explored the reaction
with various protecting groups on nitrogen and substituents on
the alkene and alkyl chain. Substrates with p-tolylsulfonyl (Ts),
p-nitrobenzenesulfonyl (Ns) and benzenesulfonyl (Bs)
protecting groups were cyclised in high yields to the corre-
sponding 3-fluoropyrrolidine derivatives 14. A range of unsatu-
rated amines were successfully cyclised. However, substrates
with substituents on the alkene gave low yields of product. A
mechanism was proposed involving the activation of iodosyl-
benzene 9 with BF3·Et2O to form an HVI intermediate that acti-
vates the alkene to form an iodonium species. Intramolecular
nucleophilic attack of nitrogen, elimination of PhI and attack by
fluoride then forms the product.

Scheme 7: 3-fluoropyrrolidine synthesis. aDiastereomeric ratio
(cis/trans) determined by 19F NMR analysis.
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Kitamura and co-workers additionally reported a synthesis of
3-fluoropyrrolidines 14 in 2017 using an alternative source of
fluoride (Scheme 8) [33]. The authors used either PhI(OAc)2 or
PhI(OCOCF3)2 as oxidants and pyridine·HF as a source of fluo-
ride. This alternative reagent system was used due to concerns
with the long-term stability of iodosylbenzene and unwanted
reactions of BF3·Et2O with other reagents. In addition, a cata-
lytic system was reported that employed 20 mol % iodotoluene
with 1 equivalent of m-CPBA as terminal oxidant. The authors
proposed that difluoroiodobenzene 10 is formed in situ, which
is activated by HF. Two possible mechanisms were given for
the synthesis of pyrrolidines 14, which are the same two pro-
posed for the synthesis of piperidines 6 (Scheme 1). Either an
alkene-activated iodonium is formed or an activated electrophil-
ic nitrogen is generated from interaction with the HVI, that is
then attacked by the alkene.

Scheme 8: Kitamura’s synthesis of 3-fluoropyrrolidines. Values in
parentheses represent the cis:trans ratio.

While the fluoroamination of alkenes to form 4-membered
azetidines has not been reported, an exo fluorocyclisation to
form 3-membered aziridines with an adjacent fluorine was re-
ported by Jacobsen in 2018 (Scheme 9) [34]. The synthesis
from the styrenyl starting materials is stereoselective, giving the
syn-diasteroisomer in high yields. A chiral iodoarene catalyst 16
was employed, along with a stoichiometric sacrificial oxidant,
to give good to excellent levels of enantioselectivity. This
elegant strategy led to a variety of β-fluorinated tosylated
aziridines 15 with good tolerance to styrenyl arenes with elec-
tron-withdrawing groups on them. The yields of product
dropped off significantly when the ring did not contain an elec-
tron-withdrawing group on it.

In 2023, Šmit and co-workers conducted an in-depth mechanis-
tic study on the cyclisation of alkenyl N-tosylamides using BF3-
activated aryl iodane(III) carboxylates to create 3-fluo-
ropiperidines [35]. The challenges faced relate to selectivity due

Scheme 9: Jacobsen’s enantio- and diastereoselective protocol for the
synthesis of syn-β-fluoroaziridines 15.

to competing carboxyaminations (18, 18’), rather than fluo-
roamination (17, 17’), and difficulties in controlling the dia-
stereoselectivity. The authors studied the stereo-, regio, and
chemoselectivity in both cyclic and acyclic substrates. It was
observed that the use of acyclic iodane reagents 19 and 20 pre-
dominantly led to products with β-stereochemistry, whereas the
cyclic iodanes 21 and 22 favour pathways leading to α-stereo-
chemistry (Scheme 10). The selectivity of the reaction was also
found to be influenced by the presence of electrolytes like
TBABF4, and the ligand attached to I(III). Carboxyfluorination
was observed, in which a ligand from the iodane, e.g., OAc,
OPiv or o-I-OBz, adds and was found to compete with fluo-
roamination. The level of this chemoselectivity was dependent
on the iodane ligand: OPiv was more selective for aminofluori-
nation than OAc, which was proposed to be due to differences
in basicity and nucleophilicity (Scheme 10).

Detailed mechanistic studies were carried out using multinucle-
ar NMR spectroscopy, deuterium labelling, rearrangements on
stereodefined substrates, and structural analyses (NMR and
X-ray) of the reaction products. RT-NMR-derived data strongly
supported a pathway of alkene activation by the iodane, as
opposed to the formation of an N-I(III) adduct. The presence of
5-exo-products, with support of a deuterium labelling experi-
ment, also ruled out the possibility of an N-activation pathway.
Therefore, the proposed mechanism involves BF3-coordinated
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Scheme 10: Different HVI reagents lead to different diastereoselectiv-
ity in aminofluorination competing with carboxyfluorination products.
Mechanistic studies of the fluoroamination of acyclic substrates
showing the competing carboxyfluorination products. AIF = aziridinium
ion formation, AIO = aziridinium ion opening, RLC = reductive ligand
coupling.

I(III) iodane forming iodiranium(III) ions with the alkene, fol-
lowed by diastereo-determining 5-exo-cyclisation. These tran-
siently formed pyrrolidine intermediates A can undergo further
transformations (Scheme 10), depending on their structure and
the iodane reagent being used. For example, higher yields of

3-fluoropiperidine products 6 were observed when using cyclic
iodane reagents 21 and 22 (Scheme 10), which was suggested to
be because a reductive ligand coupling (RLC) pathway would
be suppressed due to reduced fluxionality of the carboxylate
ligand on I(III). These important findings are expected to en-
hance the use of aryl iodane(III)-dicarboxylates for construct-
ing fluorinated azaheterocycles with improved selectivity and
control.

Oxygen nucleophiles
In 2000, Hara and co-workers reported the fluorocyclisation of
unsaturated alcohols and carboxylic acids promoted by HVI
reagents (Scheme 11) [36]. Using 4-tolyl difluoroiodane 10 as
the reaction promoter, and pyridine·6HF as a source of fluoride,
a range of unsaturated alcohols 23 to fluorinated tetrahydro-
furans 25 and tetrahydropyrans 26. Unsaturated carboxylic
acids 24 was also cyclised to form 5-membered fluorinated
lactones 27.

Scheme 11: Fluorocyclisation of unsaturated alcohols and carboxylic
acids to make tetrahydrofurans, fluoromethyl-γ-lactones and tetra-
hydropyrans. The ratio of stereoisomers is shown in parentheses.
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The mechanisms proposed for the cyclisation of unsaturated
alcohols and carboxylic acids both proceed first through the ac-
tivation of the alkene by the iodane (Scheme 11). The internal
oxygen nucleophile and fluoride then sequentially attack the
activated alkene, to either form 5- or 6-membered furan or
pyran heterocycles depending on the chain length in the sub-
strate. The pyran ring is only formed from the alcohol starting
material, presumably because the oxygen is reactive enough to
displace the iodane to form the oxonium species A. When the
carboxylic acid is used, the oxygen in the lactone intermediate
is less reactive and so substitution of the iodane by fluoride is
more favourable and the branched product is formed.

In addition to aminofluorination, Szabó also reported the
oxyfluorination of alkenes in 2015 [31]. Under identical condi-
tions to the aminofluorination using 1-fluoro-3,3-dimethylbenz-
iodoxole (12) with Zn(BF4)2 catalyst, unsaturated alcohols were
cyclised to fluorinated tetrahydropyrans 26 and oxepanes 28
(Scheme 12) in 1–2 hours in good yields.

Scheme 12: Oxyfluorination of unsaturated alcohols.

Gulder and co-workers reported a mild, metal free-synthesis of
fluorobenzoxazepines 30 in 2016 (Scheme 13) [37]. Using
1-fluoro-3,3-dimethylbenziodoxole (12) and 4 Å molecular
sieves, a range of benzamides 29 were successfully cyclised in
good yields. The sustainability of the reaction was improved by
regeneration of 1-fluoro-3,3- dimethylbenziodoxole (12) in 91%
yield from isolated benzyl alcohol after the fluorination reac-
tion. A mechanism of the reaction was proposed (Scheme 13) in
which the iodane-activated alkene is attacked by fluoride and
the aromatic ring, to form a fluorinated phenonium intermedi-
ate A. The product is formed following a 6-endo cyclisation
with nucleophilic attack from oxygen to provide the fluoro-
benzoxazepines 30.

In 2015, Stuart and co-workers reported an intramolecular fluo-
rocyclisation of unsaturated carboxylic acids 24 (Scheme 14)
[38]. Using 1-fluoro-3,3-dimethylbenziodoxole (12) as an
oxidant with AgBF4 and 4 Å molecular sieves to prevent water

Scheme 13: Synthesis and mechanism of fluoro-benzoxazepines.

competing with fluoride as the nucleophile, a range of unsatu-
rated carboxylic acids were successfully cyclised to fluorinated
lactones 27 in good yields. The authors proposed a mechanism
for fluorolactonization (Scheme 14) whereby AgBF4 first acti-
vates the fluoroiodane 12 for alkene coordination. Intramolecu-
lar nucleophilic attack of oxygen on the more substituted car-
bon forms the cyclised intermediate A and eliminates fluoride.
Phenonium intermediate B is formed with elimination of the
iodoarene and subsequent attack of fluoride forms the product.

In 2017, Kitamura and co-workers reported the synthesis of
fluorinated tetrahydrofurans 25 and butyrolactone 27
(Scheme 15) [33]. Unsaturated alcohols 23 and 3-butenoic acid
(24) were competent starting materials, using PhI(OPiv)2 as an
oxidant and pyridine·HF as a source of fluoride. Unsaturated
alcohols gave moderate yields of racemic fluorinated tetra-
hydrofurans 26. Moderate yields were also reported for the fluo-
rocyclisation of 3-butenoic acid (24) to form the fluorinated
butyrolactone 28.

The preparation of fluorinated oxazolines was reported in 2018
by Gilmour and co-workers (Scheme 16) [39]. p-TolIF2 is
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Scheme 14: Intramolecular fluorocyclisation of unsaturated carboxylic
acids. Yield of isolated product within parentheses.

Scheme 15: Synthesis of fluorinated tetrahydrofurans and butyrolac-
tone.

formed in situ from p-iodotoluene and Selectfluor in a 4.5:1
HF:amine solution, which is obtained by combining Et3N·3HF
and pyridine·HF. A range of N-allyl carboxamides 31 were suc-
cessfully cyclised forming fluoromethyl-2-oxazolines 32 in
good yields.

The synthesis of fluorinated oxazolines 32 was also reported
using an electrochemical approach in 2019 by Waldvogel and

Scheme 16: Synthesis of fluorinated oxazolines 32. aReaction time in-
creased to 40 hours. Yields refer to isolated values whilst NMR yields
are given in parentheses (19F NMR using ethyl fluoroacetate as an
internal standard).

co-workers (Scheme 17) [40]. The authors used electrochemi-
cal oxidation to form p-tolyl-difluoro-λ3-iodane 10 on the anode
using an undivided cell with platinium electrodes in a 1:1 solu-
tion of CH2Cl2 and Et3N·5HF. The in situ formation of this
unstable HVI reagent avoided the requirement for it to be isolat-
ed. It was used either in a 1-step in-cell procedure with alkene,
or in a 2-step, ex-cell approach [41], in which the substrate was
added after the electrolysis, thereby avoiding any competing
electrochemical oxidation of the substrate. A range of N-allyl-
carboxamides 31 were cyclised to fluorinated oxazolines 32 in
moderate to very good yields. Poor yields, however, were re-
ported with electron-withdrawing aryl groups on the substrate.
Intramolecular nucleophilic attack from oxygen onto the acti-
vated alkene forms the oxazoline A, and SN2 substitution with
the fluoride ion displaces iodotoluene to form the product.

An electrochemical approach was also reported by Lennox and
co-workers for the synthesis of chromanes 34 (Scheme 18) [42].
The authors reported using p-tolyl-difluoro-λ3-iodane 10,
formed via electrochemical oxidation of 4-iodotoluene at the
anode, in a 5:6 HF:amine mixture to cyclise a range of phenolic
ethers 33. Tolerance for substituents on both the aromatic ring
and the alkene were shown, although the electronic require-
ments were quite narrow for reaction success. As the arene ring
attacks the activated alkene, if it is too electron-poor then it is
not reactive enough. Moreover, if it is too electron-rich, then it
preferentially oxidises via a single electron transfer mechanism
which deactivates the ring as a nucleophile.

The synthesis of fluorinated oxazepanes 36 was reported by
Ding and co-workers in 2021 (Scheme 19) [43]. Using fluoro
benziodoxole 12 as oxidant and Zn(BF4)2 as a catalytic activa-
tor, a range of fluorinated oxazepanes were synthesised from
allylamino ethanols 35 in good yields.
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Scheme 17: Electrochemical synthesis of fluorinated oxazolines.

In 2021, Jiang and co-workers reported catalytic asymmetric
aminofluorination using BF3·Et2O with a chiral aryliodide 16
catalyst (Scheme 20) [44]. The study successfully obtained
various chiral fluorinated oxazine products 38 with high enan-
tioselectivity (up to >99% ee) and diastereoselectivity (up to
>20:1 dr). Control experiments showed that using Py·9HF or
Et3N·3HF as the fluoride source did not yield the desired fluo-
rooxazines, highlighting the role of BF3·Et2O as both a fluoride
reagent and an activating reagent of iodosylbenzene. Different
chiral iodide catalysts were studied, revealing that the substitu-
ents of the catalysts significantly influenced the stereochemis-
try of the reaction. Linear chiral catalysts were found to offer
higher stereoselectivity compared to spiro-catalysts. Under opti-
mized conditions, the asymmetric aminofluorination of
N-cinnamylbenzamides 37 using BF3·Et2O as the fluorine
reagent demonstrated good yields and high stereoselectivity
(Scheme 20). The scope of the reaction was probed, show-
casing the versatility and applicability of the method in synthe-
sizing chiral fluorinated oxazines. The authors proposed the
mechanism of the catalytic asymmetric nucleophilic fluori-

Scheme 18: Electrochemical synthesis of chromanes.

Scheme 19: Synthesis of fluorinated oxazepanes.

nation to involve the activation of iodosylbenzene by BF3·Et2O
which is then attacked by a nucleophile. The use of chiral iodine
catalysts is essential for controlling the stereochemistry of the
reaction. The specific arrangement of the catalyst influences the
orientation of this nucleophilic attack as supported by density
functional theory (DFT) calculations.
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Scheme 20: Enantioselective oxy-fluorination with a chiral aryliodide
catayst.

In 2022, Xu, Zhang, Zhu and co-workers reported a method to
catalytically synthesise 5‑fluoro-2-aryloxazolines 39 by util-
ising BF3·Et2O as the fluoride source and activating reagent
(Scheme 21) [6]. The synthesis of these derivatives was
achieved with high efficiency, resulting in good to excellent
yields of up to 95% within a short time-frame of 10 minutes.
Treatment of N-(2-phenylallyl)benzamides with 10 equivalents
of BF3·Et2O, iodobenzene, m-CPBA in dichloromethane
(DCM) at 0 °C resulted in the formation of the oxazoline prod-
uct (Scheme 21). DFT calculations indicated several steps in the
mechanism, including ligand coupling, oxidative addition, inter-
molecular nucleophilic attack, 1,2-aryl migration, reductive
elimination, and intramolecular nucleophilic attack. This ap-
proach offers a rapid and effective way to produce 5-fluoro-2-
aryloxazoline compounds, which are valuable building blocks
in organic synthesis.

Scheme 21: Catalytic synthesis of 5‑fluoro-2-aryloxazolines using
BF3·Et2O as a source of fluoride and an activating reagent.

Carbon nucleophiles
In addition to intramolecular aminofluorination and oxyfluori-
nation, Szabó and co-workers reported alkene carbofluorination
in 2015 (Scheme 22) [31]. Using 1-fluoro-3,3-dimethylbenz-
iodoxole (12) and [Cu(MeCN)4]BF4 as a catalyst to activate it,
the authors reported the synthesis of fluorinated cyclopentane
products 41 from alkenyl malonate derivatives 40. The
malonate nucleophile required longer reaction times of 8 hours
compared to 1–3 hours for aminofluorination and oxyfluorina-
tion, however good yields were reported.

Scheme 22: Intramolecular carbofluorination of alkenes.
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Hypervalent iodine-mediated
chlorocyclisation
Although less common than fluorine in biologically active com-
pounds, chlorine-containing molecules have interest in drug
discovery, with over 250 chloro-containing drugs presently
available [43]. The introduction of a chlorine atom into biologi-
cally active compounds for use in pharmaceuticals and agro-
chemicals has been shown to greatly increase the potency of a
compound [45,46] and can be considered a bioisostere for a
methyl group. Chlorination through HVI approaches provides a
safe and mild approach to chlorinated cyclic compounds.

Nitrogen nucleophiles
Intramolecular chlorocyclisation promoted by PhI(OAc)2 was
reported by Liu and Li in 2014 alongside their intramolecular
fluorocyclisation (Scheme 23) [30]. The authors reported the
formation of 5- and 6-membered chlorinated azaheterocycles 42
from unsaturated amines, using PhI(OAc)2 as an oxidant and
pyridinium chloride as a chlorine source. Substrates with a
range of substituents on the alkyl chain were cyclised in good
yields, yet introduction of substituents on the alkene led to a
reduction of yield. The authors proposed a standard mechanism
for the reaction (Scheme 23) in which PhI(OAc)2 activates the
alkene, intramolecular attack of nitrogen forms the cyclised
intermediate and a chloride ion displaces iodobenzene.

Scheme 23: Intramolecular chlorocyclisation of unsaturated amines.

In 2015, Cariou, Dodd and co-workers reported the synthesis of
chlorinated cyclic guanidines 44 (Scheme 24) [47]. Using
Koser’s reagent as an oxidant with LiCl as a source of chloride,
a range of unsaturated guanidines 43 were cyclised forming 5-
or 6-membered rings in good yields. The change in ring size
was proposed to be due to the position of the positive charge on
the activated alkene. The carbon with the higher substitution has

the greater positive charge and therefore undergoes nucleo-
philic attack by nitrogen. The authors proposed two possible
mechanisms for the reaction (Scheme 24). Firstly, a chloro-
nium ion is generated by HVI and LiCl followed by intramolec-
ular nucleophilic attack by nitrogen to form the heterocycle.
Secondly, oxidation of the unsaturated guanidine forms an
intermediate aziridinium A with subsequent nucleophilic attack
by chloride to form the product.

Scheme 24: Synthesis of chlorinated cyclic guanidines 44.

A metal-free chlorocyclisation of indole derivatives was re-
ported by Yu and co-workers in 2019 (Scheme 25) [45]. The
authors reported the use of 1-chloro-1,2-benziodoxol-3-one (45)
as a single reagent to form 6- or 7-membered rings under mild
conditions in DCM at room temperature. A range of substitu-
ents on the aromatic ring were tested with electron-with-
drawing groups resulting in lower yields compared to electron-
donating groups. The proposed mechanism for the reaction
involved formation of a chloronium ion and nucleophilic attack
from nitrogen on the less sterically-hindered carbon, forming a
cyclic intermediate A (Scheme 25). Chloride is subsequently
eliminated with formation of an enamine B that reacts with a
second equivalent of 1-chloro-1,2-benziodoxol-3-one (45) to
afford the product 46.
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Scheme 25: Synthesis of chlorinated pyrido[2,3-b]indoles 46.

Oxygen nucleophiles
Liu and Li reported the chlorolactonization and chloroetherifi-
cation (Scheme 26) of 2,2-diphenylpent-4-enoic acid (47’) and
2,2-diphenyl-4-penten-1-ol (47), respectively, using PhI(OAc)2
as an oxidant and pyridinium chloride as a chlorine source. This
was an expansion of their scope that used nitrogen nucleophiles
[30].

Scheme 26: Chlorolactonization and chloroetherification reactions.

In 2015, Li and co-workers reported the synthesis of chloro-
methyloxazolines 49 [48] (Scheme 27). Using PhI(OAc)2 as an
oxidant and TMSCl as a source of chloride and activator, a
range of N-allyl carboxamides 31 were successfully cyclised,
forming 5-chloromethyl-2-aryloxazolines 49 in good yields. A

mechanism for the reaction was proposed by the authors
(Scheme 27), whereby a TMS-adduct A of the amide is formed,
alkene activation and cyclisation from oxygen forms the
cyclised intermediate B, then displacement of PhI by chloride
gives the product.

Scheme 27: Proposed mechanism for the synthesis of chloromethyl
oxazolines 49.

Chai, Jiang, Zhu and co-workers reported the synthesis of
various halogenated 1,3-oxazine 50 and 2-oxazoline derivatives
51 using boron trihalides as the halogen source [6,49]. They
found that the choice of halogen source influences the reaction
outcomes. With the use of BCl3 (Scheme 28), N-cinnamylbenz-
amides 52 were transformed to give the corresponding chlori-
nated dihydro-[1,3]-oxazines 50 in good to excellent isolated
yields [49]. When various substituted N-(2-phenylallyl)benz-
amides (52) were tolerated, it led to the formation of chlori-
nated 2-oxazolines 51 in good to excellent yields. When BF3
was used as the halogen source in the author’s previous work
(Scheme 21) [6], it led to the formation of different products
compared to when BCl3 was utilized, suggesting a different
mechanism is operative.

Hypervalent iodine-mediated
bromocyclisation
Bromocyclisation promoted by HVI reagents allows for a mild,
metal-free synthesis of various cyclic functional groups and
avoids the use of highly toxic and corrosive bromine. Ap-
proaches using this approach are outlined below.
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Scheme 28: Oxychlorination to form oxazine and oxazoline hetero-
cycles promoted by BCl3.

Nitrogen nucleophiles
In 2007, aminobromocyclisation of homoallylic sulfonamides
53 was reported by Fan, Wang and co-workers (Scheme 29)
[50]. Using PhI(OAc)2 as an oxidant with KBr as the bromine
source and Bu4NBr as a reaction promoter, racemic brominated
pyrrolidines 54 were synthesised from a range of homoallylic
sulfonamides 53 in excellent yields under mild conditions at
room temperature. A mechanism was suggested by the authors
(Scheme 29), whereby ligand exchange on PhI(OAc)2 with a
bromide ion forms unstable PhIOAcBr. Elimination of bromo-
acetate then gives a reactive electrophilic bromine source,
which forms a bromonium intermediate A after reaction with
the alkene. Intramolecular nucleophilic attack from nitrogen
forms the product 54.

Chiba and co-worker reported the synthesis of cyclic imines
using a one-pot protocol involving Grignard addition to a cyano
group followed by PhI(OAc)2 (Scheme 30) [51]. The authors

Scheme 29: Aminobromocyclisation of homoallylic sulfonamides 53.
The cis:trans ratios based on the 1H NMR of the corresponding prod-
ucts are given in parentheses.

Scheme 30: Synthesis of cyclic imines 45.

used p-tolylmagnesium bromide for both the arylation of the
unsaturated carbonitriles 55 and as a bromide source. Bromocy-
clisation was achieved using PhI(OAc)2, which formed a range
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of 5- and 6-membered bromomethyl cyclic imines 56 in good
yields from unsaturated imines 57.

Xia and co-workers reported the bromocyclisation of indole de-
rivatives 58 (Scheme 31) using PIDA and CuBr2 as the oxidant
and bromide source, respectively [52]. Racemic pyrrolo[2,3-
b]indoles 59 were synthesised in up to quantitative yields under
mild reaction conditions at room temperature. A range of other
indole derivatives were cyclised in similarly good yields
demonstrating the scope of the reaction.

Scheme 31: Synthesis of brominated pyrrolo[2,3-b]indoles 59.

Li and Liu reported the bromoamidation of alkenes in 2014
(Scheme 32) [30]. Using PhI(OAc)2 as an oxidant and LiBr as a
source of bromine, a range of unsaturated amines were success-
fully cyclised to from 5- and 6-membered aza-heterocycles 60
under mild conditions at room temperature.

Scheme 32: Bromoamidation of alkenes.

Cariou, Dodd and co-workers reported in 2015 the synthesis of
brominated cyclic guanidines 61 (Scheme 33) alongside their
chlorinated cyclic guanidines 44 (vide supra) [47]. Koser’s
reagent was employed with LiBr to form 5- and 6-membered

brominated cyclic guanidines 61 and 61’ in good yields from
allylic guanidines 43. A range of substrates with substituents on
the terminal alkene were investigated, which were successfully
cyclised to brominated 5- or 6-membered rings in good yields.

Scheme 33: Synthesis of brominated cyclic guanidines 61 and 61’.

The intramolecular bromocyclisation of N-oxyureas was also
reported by Cariou and co-workers in 2019 (Scheme 34) [53].
From the same starting material, the authors reported the syn-
thesis of both oxazolidinone oximes 63 and N-hydroxylated
ureas 64 depending on the reagent system used. Formation of
oxazolidinone oximes 63 occurred using PhI(OCOCF3)2 (PIFA)
as an oxidant with pyridine·HBr and the MgO additive. The
oxybromocyclisation of a range of unsaturated N-alkoxyureas
62 occurred rapidly in 10 minutes at room temperature in aceto-
nitrile with good yields. Formation of the N-hydroxylated ureas
64 occurred using PhI(OPiv)2 and TBABr, with MgO as an ad-
ditive to trap acetic acid. Aminobromocylization of a range of
unsaturated N-alkoxyureas 62 was less successful with longer
reactions times up to 1 hours required and poorer yields
afforded. The rationale for the difference in mechanism was at-
tributed to the oxycyclisation to yield oxazolidinone oximes 63
occurring through an ionic mechanism, whereas the aminocycli-
sation takes place through a radical manifold, a difference that
is triggered by the difference in HVI reagent used.

In 2023, Du and co-workers reported a method for synthesizing
3-bromoindoles via a cascade oxidative cyclisation–halogena-
tion encompassing oxidative C−N/C−Br bond formation, and
utilising phenyliodine(III) diacetate (PIDA) in combination with
LiBr in HFIP (Scheme 35) [54]. The reaction of 2-alkenylani-



Beilstein J. Org. Chem. 2024, 20, 3113–3133.

3128

Scheme 34: Intramolecular bromocyclisation of N-oxyureas.

lines 65 with PIDA and LiBr resulted in the successful synthe-
sis of various 3-bromoindoles 66 in high yields obtained under
the optimised reaction conditions, highlighting the efficiency of
the synthetic protocol. The proposed mechanism suggests that
the reactive AcO–Br species is formed in situ from the reaction
of PIDA and LiBr.

Oxygen nucleophiles
A novel use of HVI reagents that promotes bromocyclization
was reported by Braddock and co-workers in 2006 (Scheme 36)
[55]. The authors reported the use of a bromoiodinane, formed
in situ from ortho-substituted amidine iodobenzene 67 and
N-bromosuccinimide (NBS), which promoted the intramolecu-
lar bromolactonisation of unsaturated acids 68. The authors in-
vestigated the oxidation using a variety of ortho-substituted
iodobenzenes. Increasing the nucleophilicity of the groups at
the ortho-substituted positions of iodobenzene gave increased
yields of cyclised product. Both 5- and 6-membered bromolac-
tone products 69 and 70 were formed with 5-exo ring closure
preferred.

In addition to the synthesis of 5-chloromethyl-2-oxazolines 49,
Li and co-workers reported the preparation of 5-bromomethyl-

Scheme 35: The formation of 3-bromoindoles.

Scheme 36: Bromolactonisation of unsaturated acids 68.

2-oxazolines 71 (Scheme 37) [48]. Treatment of a range of
N-allyl carboxamides 31 with PhI(OAc)2 and TMSBr formed
5-bromomethyl-2-oxazolines 71 in excellent yields.

In 2015, Wang and co-workers reported the bromocyclisation of
allylamino alcohols 72 to give chiral morpholines 73
(Scheme 38) [56]. Using an amino acid-derived chiral HVI
reagent with KBr and NaOAc, a range of chiral 2,3,6-trisubsti-
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Scheme 37: Synthesis of 5-bromomethyl-2-oxazolines.

tuted bromomethylmorpholines 73 were synthesised in excel-
lent yields and diastereoselectivities that ranged from nothing to
excellent depending on the substrate. The enantioselectivity of
the reaction was not measured. The authors suggested a mecha-
nism for the reaction (Scheme 38) in which activation of the
alkene and intramolecular attack of oxygen through a 6-exo-trig
mechanism followed by SN2 reaction with bromide eliminates
the chiral aryliodide to form the product 73.

Scheme 38: Synthesis of brominated chiral morpholines.

In 2018, Liu, Ling and co-workers reported bromoenol-cyclisa-
tion of unsaturated dicarbonyls 74 (Scheme 39) [57]. Using
PhI(OAc)2 as an oxidant and TMSBr as a source of bromine
and reaction promoter, a range of bromomethyldihydrofurans
75 were cyclised in good yields. Both 5- and 6-membered rings
were formed, with homologation of the unsaturated chain. The
authors initially proposed two alternative mechanisms for the
reaction (Scheme 39). Either the reaction of PhI(OAc)2 (PIDA)
with TMSBr generates BrOAc, which forms a bromonium ion
A with the alkene, followed by intramolecular nucleophilic
attack of oxygen to form the cyclic product 75. Alternatively,
the alkene could be activated after coordination to PhI(OAc)2,
then intramolecular nucleophilic attack from oxygen and
nucleophilic attack by bromide forms the final product. NMR
studies of PIDA and the substrate indicated that there was no
interaction between them, thereby discounting this second path-
way and thereby providing support for the former pathway
(Scheme 39).

Scheme 39: Bromoenolcyclisation of unsaturated dicarbonyl groups.

In 2023, Chai, Jiang, Zhu and co-workers included the
oxybromination of alkenes to form brominated dihydro-[1,3]-
oxazines 76 and 2-oxazoline 77 derivative (Scheme 40) [6,49],
alongside their chlorination examples. Optimized reaction
conditions were developed with BBr3 as bromide source and
activating reagent, which led to the formation of the brominat-
ed oxazines 76 and 2-oxazoline 77 in very good to excellent
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yields. The authors found that when substituted N-(2-phenyl-
allyl)benzamides 52 were tolerated, it led to the formation of
brominated 2-oxazolines in excellent yields. The structures
were also assigned by X-ray crystallography.

Scheme 40: Brominated oxazines and oxazolines with BBr3.

Sulfur nucleophiles
In 2015, Li and co-workers reported the synthesis of
5-bromomethyl-2-phenylthiazoline (79, Scheme 41) [48].
Sulfur was used as the internal nucleophile instead of nitrogen,
as previously reported by the authors in the formation of oxa-
zolines. Using PhI(OAc)2 with TMSBr as an oxidant and source
of bromine respectively, N-allylbenzothioamide (78) was
cyclised to form 5-bromomethtyl-2-phenylthiazoline (79) in a
good yield.

Scheme 41: Synthesis of 5-bromomethtyl-2-phenylthiazoline.

Hypervalent iodine-mediated iodocyclisation
Reactions involving iodocyclisation mediated by HVI com-
pounds are less prevalent compared to other halocyclisations.
The use of PhI(OAc)2 with KI or TMSI as the iodide source has
been reported to promote iodocyclisation in unsaturated com-
pounds with internal nucleophiles.

Nitrogen nucleophiles
In addition to both chloro- and bromoaminations, Liu and Li re-
ported intramolecular iodoamidiation of unsaturated amines in
2014 (Scheme 42) [30]. Using PIDA as an oxidant and KI as a
source of iodide, iodinated pyrrolidines 80 were synthesized in
excellent yields under mild conditions of CH2Cl2 at room tem-
perature. A range of unsaturated amines were successfully
cyclised to form 5-membered rings. Lower yields were ob-
served with substituted alkenes. A mechanism was proposed by
the authors identical to both chloro- and bromoaminations pre-
viously reported.

Scheme 42: Intramolecular iodoamination of unsaturated amines.

Du and co-workers described the formation of 3-iodoindoles 81
in their 2023 report that also demonstrated the formation of
3-bromoindoles 66 (Scheme 43) [54]. In this instance, KI was
used as the iodide source with PIDA in HFIP. The mechanism
proposed was the same as that for the bromoindoles
(Scheme 35).

Scheme 43: Formation of 3-iodoindoles.

Oxygen nucleophiles
In addition to chloroamidation and chlorolactonization,
iodoetherification of 2,2-diphenyl-4-penten-1-carboxylic acid
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(47') and 2,2-diphenyl-4-penten-1-ol (47) was reported by Liu
and Li in 2014 (Scheme 26) [30]. The authors reported using
PhI(OAc)2 and KI in the synthesis of iodonated γ-butyrolac-
tone 83 and iodomethyltetrahydrofuran 82 in excellent yields
(Scheme 44).

Scheme 44: Iodoetherification of 2,2-diphenyl-4-penten-1-carboxylic
acid (47’) and 2,2-diphenyl-4-penten-1-ol (47).

Li and co-workers reported the synthesis of 5-iodomethyl-2-
aryloxazolines 84 in addition to the synthesis of 5-chloro-
methyl-2-aryloxazolines 49 and 5-bromomethyl-2-aryloxzao-
lines 71 (Scheme 27) [48]. Treatment of a N-allyl carbox-
amides 31 with PhI(OCOCH3)2 as an oxidant and TMSI as a
source of iodide formed a range of 5-iodomethyl-2-aryloxazo-
lines 84 in good yields (Scheme 45).

Scheme 45: Synthesis of 5-iodomethyl-2-oxazolines.

In addition to the synthesis of brominated morpholines, Wang
and co-workers reported the synthesis of chiral iodinated
morpholines 85 (Scheme 46) [56]. Using an amino acid-derived
chiral iodine(III) reagent with KI and NaOAc, a range of allyl-
amino alcohols 72 were cyclised in excellent yields, again with-
out reporting the enantioselectivity of the reaction.

Scheme 46: Synthesis of chiral iodinated morpholines. aFrom the
ʟ-form of the amino acid starting material. The dr values were deter-
mined by 1H NMR given in parentheses.

As well as bromoenol cyclisation (Scheme 39), Liu, Ling and
co-workers reported iodoenolcyclisation of unsaturated dicar-
bonyl compounds 74 in 2018 (Scheme 47) [57]. Using
PhI(OAc)2 and TMSI, a range of polysubstituted iodomethyl-
dihydrofurans 86 were successfully synthesised in good yields.
From NMR measurements, the authors proposed the formation
of an iodonium intermediate.

Scheme 47: Iodoenolcyclisation of unsaturated dicarbonyl com-
pounds 74.

Sulphur nucleophiles
Li and co-workers reported the synthesis of 5-iodomethyl-2-
phenylthiazoline (87) in 2015 in addition to the synthesis of
5-bromomethtyl-2-thiazoline (Scheme 41), using sulfur as an
internal nucleophile (Scheme 48) [48]. Using PhI(OAc)2 with
TMSI, N-allylbenzothioamide (78) was cyclised to form 87 in
excellent yield.



Beilstein J. Org. Chem. 2024, 20, 3113–3133.

3132

Scheme 48: Synthesis of 5-iodomethtyl-2-phenylthiazoline (87).

Conclusion
The HVI-mediated halocyclization of alkenes is an important
approach that yields a broad variety of heterocycles under mild
and efficient oxidative conditions. The internal nucleophile,
length of the carbon chain and halide can be designed such that
a very broad range of 5-, 6- and 7-membered heterocycles can
be accessed. The identity of the HVI reagent has also shown to
dictate the regioselectivity of the reaction. Future research
efforts should focus on further developing access to new hetero-
cycles, as well as designing better systems to incorporate high
levels of diastereoselectivity and enantioselectivity into chiral
halogenated heterocycles.
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Abstract
A novel study on the hypervalent iodine-mediated polyfluoroalkylation of sulfoxonium ylides was developed. Sulfoxonium ylides,
known for their versatility and stability, are promising substrates for numerous transformations in synthetic chemistry. This report
demonstrates the successful derivatization of sulfoxonium ylides with trifluoroethyl or tetrafluoropropyl groups, and provides valu-
able insights into the scope and limitations of this approach. Nineteen examples have been prepared (45–92% yields), with struc-
tural diversity modified at two key sites on the sulfoxonium ylide reactants. Finally, DFT calculations provided insights about the
mechanism of this transformation, which strongly suggest that an SN2 reaction is operative.

3182

Introduction
Introducing fluorine or fluoroalkyl motifs into organic mole-
cules or key frameworks stands out as a crucial and appealing
approach in uncovering and crafting innovative drugs, agro-
chemicals, and functional materials (Figure 1) [1-4]. Fluori-
nated functional groups can positively alter the electronic char-
acteristics of compounds, increase their metabolic stability, and
boost their lipophilicity [5-7]. Consequently, developing new
synthetic techniques that incorporate fluorine and fluorinated

groups represents a significant area of research in synthetic
organic chemistry [8,9].

Among the various fluorine-containing functional groups, the
2,2,2-trifluoroethyl group (CF3CH2), is gaining significant
interest from synthetic chemists. This is due to its reduced elec-
tron-withdrawing aspect compared to the CF3 group, its larger
steric bulk and increased polarity. This moiety is also consid-
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Figure 1: Representative examples of fluorine containing, biologically active compounds.

ered as a bioisostere of the ethyl or ethoxy groups and therefore
it is very attractive for applications in medicinal chemistry and
related areas [10-13].

α-Carbonyl sulfoxonium ylides are well recognized as more
stable and more easily handled surrogates of diazo compounds
[14,15]. They have also emerged as versatile intermediates in
organic synthesis due to their unique reactivity and ability to
participate in a wide range of chemical transformations. In this
scenario, sulfoxonium ylides are excellent substrates for bifunc-
tionalization reactions, due to the ambiphilic character in their
ylidic carbon [16]. This synthetic potential has been demon-
strated in a range of insertions into polar bonds [17-20], C−H
activation transformations [21-23], and geminal difunctionaliza-
tions [24,25].

Within the literature, a broad array of classical methods de-
scribes the synthesis of sulfoxonium ylides [26]. The most
frequently used involves deprotonating the corresponding
sulfoxonium salt with strong base, followed by the addition of
an acylating agent (usually an acid chloride or chloroformate).
Nevertheless, achieving a wide range of structural variations in
sulfoxonium salts or ylides, particularly those that lead to
α-alkyl-substituted compounds, is still challenging [27]. For ex-
ample, in the SN2 reaction of alkyl halides with sulfoxonium
ylides, the initially formed α-alkyl-substituted ylide reacts
further with the halide to expel the sulfoxide and ultimately
generate an α-halogenated product [28]. In 2017, the Aϊssa
group described a procedure to better synthesize such α-alkyl-
substituted carbonyl sulfoxonium ylides [29]. This protocol
involved the alkylation of a dialkyl thioether, counterion
exchange, oxidation, and eventual acylation (Scheme 1a). More

recently, the Burtoloso group reported the α-alkylation of car-
bonyl sulfoxonium ylides via a Michael addition approach that
occurred without any competition from cyclopropanation [30].
While this reaction represented the first direct alkylation of
sulfoxonium ylides, it was nonetheless limited to the more reac-
tive ester ylide variants (Scheme 1b). As far as we know, aside
from the methodologies mentioned above, there are no other
reports on the direct alkylation or fluoroalkylation of these ylide
compounds.

In line with our ongoing interest in the chemistry of sulfoxo-
nium ylides, we aimed to develop a new alkylation methodolo-
gy using fluoroalkyliodonium salts as sources of electrophilic
trifluoroethyl synthon. Given the non-nucleophilic nature of the
iodoarene byproduct, this protocol should not suffer from
further reactivity that decomposes the ylide. We describe here
the coupling of α-carbonyl sulfoxonium ylides with polyfluo-
roalkyl(aryl) hypervalent iodonium salts, for the efficient syn-
thesis of fluorinated sulfoxonium ylides (Scheme 1c).

Results and Discussion
Since the introduction of hypervalent iodonium salts in organic
chemistry, these valuable reagents have led to many new strate-
gies for carbon–carbon bond formation [31,32]. Our research
groups recently reported the α-arylation between sulfoxonium
ylides and diaryliodonium salts [33], and encouraged by this
precedent, we envisioned that the chemistry between sulfoxo-
nium ylides and hypervalent iodine compounds might be ripe
for further exploitation. The trifluoroethyliodonium salt discov-
ered by Umemoto has proven an effective electrophilic trifluo-
roethyl transfer reagent [34,35], and to further explore the
potential of fluoroalkyliodonium salts we evaluated the reactivi-
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Scheme 1: Strategies for the synthesis of α-alkyl sulfoxonium ylides.

ty of such compounds in the context of sulfoxonium ylide
derivatization.

As depicted in Table 1, we began our studies using methyl ester
sulfoxonium ylide 1a and 2,2,2-trifuoroethyl(mesityl)iodonium
triflate salt (2a), as model substrates (see also Table S1 in Sup-
porting Information File 1). Combining these at room tempera-
ture in acetonitrile produced 3a in 8% 1H NMR yield (Table 1,
entry 1). Repeating the reaction with Cs2CO3 (1.3 equiv) pro-
duced 3a in a much improved 60% yield (Table 1, entry 2). We
screened other solvents and tested the impact of other inorganic
bases but none of these changes improved the formation of the
ylide 3a (Table 1, entries 3–6). And while increasing the reac-
tion concentration was also not effective (Table 1, entry 7; 56%
yield), extending the reaction time to 24 hours at room tempera-
ture gave 3a in 69% yield (Table 1, entry 8). Other chlorinated,
ethereal or polar solvents were also tested under this prolonged
reaction time, but none proved better than acetonitrile (Table 1,
entries 9–12). We attempted to decrease the reaction time by in-
creasing the temperature, but these changes resulted in de-
creased yields of 3a (Table 1, entries 13 and 14). Surprisingly,
when using microwave (MW) heating at 70 ⁰C for 10 min in
ACN, product 3a was formed in 74% yield (Table 1, entry 15).
An additional solvent screen under microwave conditions
offered no improvement (Table 1, entries 16–18). Finally,
multivariate screening ultimately showed that 3a could be ob-
tained in 79% 1H NMR yield (75% isolated yield, Table 1,

entry 19) when using 1a (1.0 equiv), 2a (2.0 equiv) in ACN
(1 M) with Cs2CO3 (1.0 equiv) under microwave irradiation at
70 °C for 10 min. Though the yield only improved by 5% com-
pared with using 1.3 equiv of 2a, these were nonetheless
adopted as the optimal reaction conditions.

Once the optimal reaction conditions were established, we then
investigated the scope and limitations of this novel transformat-
ion (Scheme 2). Initially, we investigated the effects of intro-
ducing various substituents around the ester group of the car-
bonyl sulfoxonium ylide. We discovered that the reaction
worked very well for various alkyl ester derived substrates
(3b–g). For instance, when the bulky tert-butyl ester sulfoxo-
nium ylide was used, the fluoroalkyl product 3f was obtained in
82% yield. A 60% yield was obtained for 3g when the reaction
was carried out with the cyclopentyl ester ylide derivative. The
allyl sulfoxonium ylide reacted to produce 3h in an excellent
92% yield, however, the related benzyl derived ylides gave 3i
and 3j in 73% and 61% yields, respectively. Phenyl esters per-
formed well with this methodology (3k,l), but switching to
anilide-derived ylides were consistently poorer performing. The
N-phenyl ylide derivative reacted to produce 3m in only 50%
yield, and comparable yields were observed for the p-tolyl and
p-chlorophenyl derivatives 3n and 3o. A slight increase in yield
was found with the p-anisyl derivative (3p, 61% yield), where-
as the yield decreased when the arene was appended with an
electron-withdrawing CF3 group (3q, 45% yield). Though we



Beilstein J. Org. Chem. 2024, 20, 3182–3190.

3185

Table 1: Optimization of reaction conditions.

Entrya Temperature Time Solvent Base Yield 3a (%)b

1 rt 6 h ACN – 8
2 rt 6 h ACN Cs2CO3 60
3 rt 6 h dioxane Cs2CO3 NR
4 rt 6 h Et2O Cs2CO3 22
5 rt 6 h ACN Na2CO3 27
6 rt 6 h ACN K3PO4 48
7c rt 6 h ACN Cs2CO3 56
8 rt 24 h ACN Cs2CO3 69
9 rt 24 h DCM Cs2CO3 7

10 rt 24 h DCE Cs2CO3 2
11 rt 24 h THF Cs2CO3 NR
12 rt 24 h AcOEt Cs2CO3 9
13 50 °C 1 h ACN Cs2CO3 46
14 60 °C 30 min ACN Cs2CO3 49
15 70 °C (MW) 10 min ACN Cs2CO3 74
16 70 °C (MW) 10 min DCE Cs2CO3 62
17 70 °C (MW) 10 min AcOEt Cs2CO3 70
18 70 °C (MW) 10 min TFE Cs2CO3 2

19c,d 70 °C (MW) 10 min ACN Cs2CO3 79 (75e)
aReaction performed with 1a (0.2 mmol, 1.0 equiv), 2a (0.26 mmol, 1.3 equiv), solvent (0.4 mL) and base (0.26 mmol, 1.3 equiv). b1H NMR yield using
(trifluoromethyl)benzene as internal standard. cReaction performed with 0.2 mL of solvent. dUsing 2.0 equiv of 2a and 1.0 equiv Cs2CO3. eIsolated
yield.

were unable to isolate any N-alkylated products, it is possible
that competing C-alkylation and N-alkylation processes were
responsible for the decreased yields observed with the anilides
(compared to the ester-derived precursors). Finally, the bis-sul-
fonyl ylide reacted to produce 3r in good yield (64%), and the
methyl ester-derived sulfoxonium ylide could be reacted with a
tetrafluoropropyl(mesityl)iodonium salt to produce tetrafluoro-
propyl ylide 3s in 68% yield. These results show that a wide
range of sulfoxonium ylides can be efficiently transformed to
their corresponding polyfluoroalkylated derivatives in moder-
ate to very good (45–92%) yields. It is nonetheless crucial to
underscore that the reaction developed herein was ineffective
with aromatic and aliphatic variants of both keto and imino
sulfoxonium ylides, and no reaction was observed in any of the
attempts (see Supporting Information File 1 for details). This
limitation is attributed to the diminished reactivity of these
ylides compared to ester and amide-derived sulfoxonium ylides.

Having established this new methodology, we then turned our
attention to demonstrate additional synthetic applications of this
procedure. The reaction could be easily performed on a 1 mmol
scale, which gave the desired product 3a in 71% yield
(Scheme 3a). Lastly, product 3a was subjected to our previ-
ously developed S–H insertion reaction protocol with sulfoxo-
nium ylides [36], which generated a new 2,2,2-trifluoroethyl-
coumarine-based compound 4 in 87% yield (Scheme 3b).

To gain insight into the mechanism, we modelled two reaction
pathways commonly suggested for the 2,2,2-trifuoro-
ethyl(mesityl)iodonium triflate salt, and for related diaryliodo-
nium salts (Figure 2). The first mechanism explored was the
associative pathway that terminates via reductive elimination
(path 1) [37-39]. This pathway initiates by formation of a
halogen bond complex between 1a  and the trifuoro-
ethyl(mesityl)iodonium ion 2a’, where adduct XB-1 is presum-
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Scheme 2: Exploring substrate scope in the direct α-fluoroalkylation of sulfoxonium ylides.

Scheme 3: Synthetic applications of fluoroalkylated sulfoxonium ylides.

ably in equilibrium with isomeric XB-2. Reductive elimination
of the iodoarene from XB-2 would furnish B, whose deproton-
ation would complete the pathway. The alternative mechanistic
proposal is an SN2 reaction [40-42] between 1a and the iodo-
nium ion 2a’, which directly furnishes B without invoking
halogen bonded adducts.

To assess which of these mechanistic possibilities was more
probable, we turned to computational analysis. The geometries
of starting materials 1a and 2a’ were pre-optimized in the
solvated phase using Gaussian 16 at the PBE0/def2-TZVP/def2-
TZVPD level of theory, after a conformation search using Crest
[43-49]. Next, the electrostatic potential map of the iodonium
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Figure 2: Possible mechanisms for the reaction of 1a and 2a leading to 3a (via B), proceeding via either halogen-bonded adducts and reductive elimi-
nation (path 1) or directly via an SN2 reaction (path 2).

ion 2a’ was generated using an isodensity surface of 0.001 a.u.
[50]. This showed two sigma holes of different potentials, with
the stronger (0.21 e) residing opposite the arene, and the slightly
weaker (0.20 e) hole residing opposite the trifluoroethyl motif
(Figure 3, left). These sigma-hole potentials are consistent with
them being viable electrophilic sites for halogen bond forma-
tion with 1a, supporting the mechanism in path 1. We also
expressed the LUMO and LUMO+1 molecular orbitals of 2a’
(Figure 3, middle and right, respectively), which showed lobes
centered on the I–C bonds to both the trifluoroethyl and arene
moieties. These observations confirmed the LUMO as an appro-
priate lobe for nucleophilic attack via the SN2 pathway (path 2),
and confirmed the LUMO+1 as an appropriate lobe for substitu-
tion via reductive elimination (path 1). As such, neither mecha-
nism could be immediately discarded, and we were encouraged
to further explore these computationally.

For both pathways, a potential energy surface (PES) was used
to generate an ‘initial guess’ for stationary and saddle point
geometries (see also section 4.1 in Supporting Information
File 1). The PES scan strongly indicated that the SN2 mechanis-
tic proposal was operative, owing to its lower-energy barrier;
however, the saddle point geometries identified at this low level
of theory were not close enough to the true transition state
geometries to meet convergence criteria. Thus, using the guid-
ance of the PES scans, A, XB-2, and B were subjected to the
nudged elastic band climbing image (NEB-CI) method using
Orca 5.0.1 at the PBE/def2-SVP D4 level of theory in the

Figure 3: Electrostatic potential of 2a’ from 0.075 e to 0.21 e, showing
two sigma holes of potentials 0.20 and 0.21 e (left). LUMO (middle)
and LUMO+1 (right) of 2a’.

CPCM solvation model (see also section 4.2 in Supporting
Information File 1) [51-56].

Both climbing images were subjected to transition state optimi-
zation and successfully met convergence criteria. Consistent
with the PES scan outcome, the NEB-CI approach also indicat-
ed that the SN2 mechanistic proposal (Figure 2, path 2) domi-
nates.

Finally, for both mechanistic pathways, all intermediates and
transition states were subjected to optimization and frequency
calculations using Orca 5.0.1 at the PBE0/def2-TZVPD [57]
level of theory, to generate reaction coordinate diagrams for
both pathways (Figure 4). Both barrier steps were confirmed
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Figure 4: The optimized reaction coordinate diagrams for the halogen bond-mediated mechanism (path 1, left) and the SN2 mechanism (path 2,
right).

using the intrinsic reaction coordinate (IRC) method. Ion 2a’
was found to have an initial bond length of 2.1 Å. The transi-
tion to XB-1 was found at a relative energy of 10.1 kcal/mol,
where the C–I–C bond angle is 178° with C–I bond lengths of
2.2 Å (I–CH2CF3) and 2.9 Å. The reaction coordinate diagram
for path 1 showed a near barrierless equilibrium between
halogen bond adducts XB-1 and XB-2, where XB-2 has a
C–I–C bond angle of 86° and C–I bond lengths of 2.1 Å
(I–CH2CF3) and 3.2 Å. Finally, a 37.8 kcal/mol activation
energy between XB-2 and B for path 1 was calculated. On the
other hand, path 2 had a much lower Gibbs free energy of acti-
vation of 24.3 kcal/mol, where the angle of attack from 1a to
2a’ was found at approximately 160° with equal C–I bond
lengths of 2.5 Å in the transition state. The significantly lower
activation energy allowed us to conclude that the SN2 mecha-
nism was the more favourable pathway.

Conclusion
In conclusion, we have developed a direct polyfluoroalkylation
reaction of sulfoxonium ylides. The easily available 2,2,2-triflu-
oroethyl(mesityl)iodonium triflate reagent enabled the straight-
forward trifluoroethylation of diverse sulfoxonium ylides under
mild conditions and short reaction times. Various computa-
tional strategies were also employed to differentiate between
competing halogen bond-mediated and SN2 reaction mecha-
nisms. Ultimately, the nudged elastic band climbing image
(NEB-CI) method predicted the SN2 pathway to be favoured,
and transition state optimization showed this to possess a Gibbs
free energy of activation of 24.3 kcal/mol. This report shows the
ease with which sulfoxonium ylides can be derivatized using
hypervalent iodine reagents, and our continued efforts towards
this will be reported in due course.

Experimental
Representative procedure for 2,2,2-trifluoro-
ethylation of sulfoxonium ylides
An oven dried 5 mL microwave flask containing a magnetic
stirrer was charged with Cs2CO3 (70.5 mg, 0.2 mmol,
1.0 equiv), sulfoxonium ylide (0.2 mmol, 1.0 equiv) and the
corresponding fluoroethyliodonium salt (0.40 mmol, 2.0 equiv).
The reaction vessel was capped with a rubber septum and filled
with nitrogen. Then ACN (0.2 mL) was added. The rubber
septum was removed and the microwave vial was quickly
capped with a Teflon microwave cap. The reaction was heated
to 70 ºC for 10 min. The crude mixture was dissolved with
DCM (3 mL), the solvent was removed under reduced pressure
to furnish a crude product that was purified by flash column
chromatography, using silica gel 60 (200–400 mesh) as a sta-
tionary phase (eluent n-hex/AcOEt 5:95%).

Supporting Information
Supporting Information File 1
Experimental part, NMR spectra, computational details and
crystallgraphic data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-263-S1.pdf]
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Abstract
The reactivity of our recently disclosed hypervalent iodine reagents (HIRs) bearing a benzylamine with in situ-generated sulfenate
salts was investigated. Under the studied conditions sulfonamides have been obtained in up to 52% yield. This reaction has been ex-
tended to a variety of HIRs and sulfenate salts to explore the different reactivity of these new reagents. A plausible mechanism is
proposed, suggesting a possible radical pathway.
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Introduction
Iodine(III) compounds, known as λ3-iodanes, have been exten-
sively applied in organic synthesis. Although initially used as
strong oxidizing agents [1], during the last decades HIRs have
been investigated as group-transfer reagents, useful in several
bond-forming reactions, such as in C–C, C–N, and C–O [2-5].

The benziodoxol(on)e family, cyclic iodine(III) reagents, stands
out for their thermal stability and reactivity, yielding numerous
derivatives with wide applications [2-4,6-8]. Their enhanced
stability, compared to other HIRs, is due to: (i) the molecular
geometry, which allows better overlap between the non-bond-
ing electrons of the central iodine atom and the π-orbitals of the

aromatic ring [2,9]; (ii) the incorporation of the iodine atom in
the 5-membered heterocycle [10]; and (iii) the trans effect, due
to the interaction of the hypervalent bonds established by the
axial ligands, where iodine orbitals are shared with both
heteroatoms [11]. As a result, benziodoxol(on)es have found ap-
plication in electrophilic transfer reactions, with emphasis on
umpolung reactivity of usually nucleophilic functional groups.
Thus constituting a powerful synthetic tool, opening room for
new synthetic disconnections [10].

Within the benziodoxol(on)e class, a range of HIRs featuring
nitrogen-containing groups have been reported [12]. These

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Scheme 1: Electrophilic α‑amination of indanone-based β-ketoesters [4].

reagents have proven effective in delivering azides (I) [13],
amides (II) [14], aliphatic cyclic amines (III) [15], phthalimi-
dates (IV) [16], imines (V) [17], sulfoximides (VI) [18],
carbazoles (VII) [19], secondary (VIII) [4] and primary (IX)
[20] amines (Figure 1).

Figure 1: Examples of cyclic HIRs with a nitrogen-based group
transfer [4,10,13-20].

The first report from Zhdankin and co-workers in 1994, de-
scribed the preparation of azidobenziodoxolone, ABX (I), a
reagent widely used in oxidative azide transfer reactions [21].
Years later, Zhdankin’s group also reported the synthesis of
amidobenziodoxolone (II) [14]. Other examples of N-contain-

ing benziodoxol(on)es can be found in the literature, including
reagents featuring cyclic aliphatic amine moieties (III) [15],
phthalimidates (IV) [16], and carbazoles (VII) [19]. Minakata
and co-workers proposed an innovative approach for transfer-
ring imine groups using iodane-containing (diarylmethyl-
ene)amino groups (V), which proved to be useful in the transfer
of imine radicals [17]. Bolm et al. contributed also to this topic
by introducing a sulfoximidoyl-containing benziodoxolone (VI)
[18]. Recently, our group disclosed the first HIRs bearing a pri-
mary amine moiety, the benzylamine benziodoxolone reagent
VIII (named BBX), and investigated its reactivity on the
α-amination of indanone-based β-ketoesters (Scheme 1) [4].
Very recently, Minakata’s group also reported iodine(III)
reagents with transferable amino groups, particularly a benz-
iodoxolone bearing a transferable NH2 group (IX) [20].

HIRs have been a central theme of the work carried out by our
research group in recent years, focusing on the formation of the
S–N bond by applying the umpolung reactivity of HIRs, in par-
ticular in the preparation of sulfonamides and sulfonyl
hydrazides [22,23]. In both approaches, a sulfonyl-containing
benziodoxolone was generated in situ, via a reaction of
chlorobenziodoxolone with sulfinate salts, followed by the addi-
tion of amines or hydrazines, respectively.

On the follow-up on our research, we envisaged to extend the
diversity of BBX reagents as electrophilic amine reagents and
investigated their reactivity with in situ-generated sulfenate
anions, from β-sulfinyl esters, to achieve S–N bond formation.
The importance of establishing this S–N bond results from the
widespread presence of sulfonyl-containing bioactive com-
pounds, such as the sulfonamide group which can be found in
many pharmaceuticals, commonly referred to as sulfa drugs.
These include top seller drugs, e.g., antimicrobials, anti-inflam-
matories, antihypertensives, and antitumor agents [24-26]. Par-
ticularly, the sulfonamide motif can act as a bioisostere of
carboxylic acids, establishing a set of hydrogen bonds similar to
those formed by carboxylic acids, enhancing its versatility and
effectiveness in drug design [27].
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Scheme 2: Scope of the different (benzylamino)benziodoxolones (BBXs) 2 with ORTEP-3 diagram of compound 2d, using 50% probability level ellip-
soids. One co-crystallized water molecule was omitted for clarity. CCDC 2368436 contains the supporting crystallographic data for this paper.

Traditional sulfonamide preparation involves combining sulfo-
nyl chlorides and amines [25,28,29]. Despite the efficiency of
traditional methods, challenges still remain, e.g., use of harsh
conditions, like oxidative chlorination with aqueous chlorine
[30], or treatment with toxic sulfur dioxide. Thus, we envis-
aged to further investigate BBX reactivity to address the S–N-
bond formation, as an alternative method towards sulfur-con-
taining compounds [22].

Results and Discussion
We initiated our study by extending the functionalization of
BBX reagents. (Benzylamino)benziodoxolones, BBXs 2, were
prepared according to our reported procedure, via reaction with
previously silylated benzylamines (Scheme 2) [4]. Using this
methodology, a total of four benziodoxolones (including the
new p-fluorobenzylamine benziodoxolone, 2d) were obtained
with quantitative yields, as white solids on the gram-scale, easy
to manipulate and long-term stable below 0 °C.

Crystals of compound 2d were successfully obtained and its
molecular structure was confirmed through single-crystal X-ray
diffraction. The X-ray analysis revealed a distorted T-shaped
geometry, consistent with previously reported N–bound hyper-
valent iodine reagents. Additionally, the N–I bond distance is

2.0454(5) Å, which aligns with our previously reported values
[4]. The two aromatic rings are nearly coplanar, exhibiting a
dihedral angle of 0.7(3)°. All other bond lengths and angles fall
within the expected range for similar compounds [31].

Later, the β-sulfinyl esters 4 were prepared by Michael addition
reaction of thiols and α,β-unsaturated esters [32], followed by
oxidation of the corresponding sulfides 3 using two different
oxidizing agents (oxone and m-CPBA) [32,33]. To investigate
the reactivity of the BBXs in this electrophilic amination reac-
tion, the generated compound 4 was subjected to a retro-
Michael addition to produce the sulfenate anion intermediate,
followed by the addition of BBX 2. Based on our experience
with HIRs, the reaction of 2 with nucleophiles is more effective
when a pre-formed nucleophile is used [4]. Thus, HIR 2 was
added to the reaction mixture after the in situ formation of the
sulfenate anion (by retro-Michael addition).

First experiments were carried out under the previously de-
scribed conditions for BBX electrophilic amination reaction
(Table 1, entry 1) [4]. In the presence of potassium carbonate,
only starting material 4a was detected. A stronger base to
generate the nucleophilic intermediate was tested, and sulfon-
amide 5aa was detected in trace amounts (Table 1, entry 2).
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Table 1: Optimization of the electrophilic amination of tert-butyl 3-(p-tolylsulfinyl)propanoate (4a) with BBX 2a (0.23 mmol of limitant in 2 mL of sol-
vent).

Entry 4a (equiv) 2a (equiv) Base (equiv) Solvent T (°C) Time (h) 5aa (yield %)a

1 1 1.5 K2CO3
1

DMF 50 3 NO

2 1 2 NaH
1

DMF 50 20 trace

3 1 2 NaH
1.2

PhMe 50 20 NO

4 1 2 NaH
1.2

DMFb 50 3 29

5 1 2 NaH
1.2

DMFb rt 20 9

6 2 1 NaH
2.4

DMFb 50 6 38

7 2 1 NaH
2.4

DMFb 50 20 52

8 2 1 NaH
2.4

DMFb 50 72 48

aIsolated yields; bdegassed solvent; rt – room temperature; NO – not observed.

Considering the low solubility of the hypervalent reagent 2a in
most organic solvents, an alternative solvent was tested; never-
theless, BBX 2a showed to be insoluble when using toluene
(Table 1, entry 3).

To have further insights on the formation of sulfonamide 5aa,
an experiment was conducted under the same stoichiometric
conditions that yielded product 5aa (Table 1, entry 2) but with
prior degassed solvent (DMF), to prevent potential oxidation of
the sulfenate to sulfinate anions. Indeed, the oxidation of the
unstable sulfenate intermediates has been previously reported
by Waser when using EBX – an HIR applied in the transfer of
alkynes to sulfenate salts [34]. Under these conditions,
N-benzyl-4-methylbenzenesulfinamide (6aa) was not observed,
and N-benzyl-p-toluenesulfonamide (5aa) was isolated in 29%
yield (Table 1, entry 4).

To prevent the regeneration of tert-butyl 3-(p-tolyl-
sulfinyl)propanoate (4a) and employ milder conditions, a study
was conducted at room temperature for 20 hours, which resulted
in a reduction of the yield for 5aa to 9% (Table 1, entry 5). This
result might be due to the reactivity of this hypervalent iodine
reagent. Indeed, we have previously observed that the transfer
of the benzylamine moiety to carbon-based nucleophiles is
more favorable at higher temperatures [4].

Due to the reversibility of the retro-Michael addition, an experi-
ment was carried out using an excess of tert-butyl 3-(p-tolyl-
sulfinyl)propanoate (4a) leading to an increase in the yield of
the corresponding sulfonamide 5aa by 38% (Table 1, entry 6).
A longer reaction time was tested, with the reaction running
overnight, which led to an increase of 52% in the reaction yield
(Table 1, entry 7), consisting of the best conditions achieved for
this electrophilic amination. The reaction time was extended to
72 hours in an attempt to promote the transfer reaction; howev-
er, the corresponding sulfonamide 5aa was obtained in 48%
yield (Table 1, entry 8), thus proving that beyond 20 hours, the
reaction does not develop any further.

The experiment carried out with degassed solvent (Table 1,
entry 4) eliminated the hypothesis of sulfonamide 5aa forma-
tion via oxidation of sulfinamide 6aa by dissolved oxygen mol-
ecules in the media. Therefore, an additional experiment was
conducted using sodium benzenesulfinate to simulate the poten-
tial in situ oxidation of the sulfenate anion before the addition
of BBX 2a, but only trace amounts of sulfonamide 5ea were ob-
served.

A deeper analysis of the composition of the crude mixture
revealed the presence of sulfide 3a and disulfide 7a, which for-
mation might probably result from an oxidative reaction involv-
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Scheme 3: Scope of the different β-sulfinyl esters 4 [32,33]. Isolated yields. rt – room temperature.

ing species generated from 2 sulfenate molecules. A further ex-
periment was carried out in the absence of light. Under these
conditions, no amine-transfer products 5aa (sulfonamide) or
6aa (sulfinamide) were observed.

Next, and with the optimized conditions in hand (Table 1, entry
7), we studied the scope of the reaction by varying both the
β-sulfinyl esters 4 and the electrophilic amines 2. Thus, a
variety of functionalized thiols (aromatic, aliphatic, and hetero-
cyclic) were chosen to produce the β-sulfinyl esters 4
(Scheme 3).

We next investigated the electrophilic amination reaction
(Scheme 4). First, different functionalized β-sulfinyl esters were
reacted with BBX 2a. For the aromatic and pyridine moieties,
the electrophilic amination reaction afforded sulfonamides 5aa,
5ba, 5da, and 5ea with moderate yields. However, no amina-
tion product was detected with tert-butyl 3-(benzylsulfi-
nyl)propanoate (4c). This result suggests that aliphatic
β-sulfinyl esters may not possess sufficient nucleophilicity to
react with the primary amine-containing HIRs, or it might be
due to the inability of the benzyl moiety to stabilize the sulfe-
nate ion during the reaction.

For tert-butyl 3-(p-tolylsulfinyl)propanoate (4a), and similarly
to the outcome obtained for BBX 2a, sulfonamides 5ab and 5ac
were obtained with moderate yields. The slight decrease ob-

served for 5ac, with chiral (R)-1-((1-phenylethyl)amino)-1,2-
benziodoxol-3-(1H)-one (2c), can be attributed to potential
steric hindrance induced by the methyl group attached to the
benzylic carbon, which may hinder the nucleophile’s access to
the electrophilic center of the HIR.

The new hypervalent reagent 1-(4-fluorobenzyl)amino-1,2-
benziodoxol-3-(1H)-one (2d) was also tested in the amination
reaction, leading to the formation of sulfonamides 5ad, 5dd,
and 5ed (25%, 28%, and trace amount, respectively). In the last
example, the low amount of sulfonamide 5ed obtained may
result from the simultaneous formation of sulfinamide 6ea also
isolated in this reaction for the first time (both in trace
amounts).

Reaction mechanism
The inability to detect sulfinamide 6 and the isolation of sulfon-
amide 5, along with other byproducts (3, 4, and 7), stimulated
us to propose a plausible reaction mechanism that would
support both the obtained yields and the formation of unex-
pected species.

As mentioned above, the presence of light influences the reac-
tion outcome. When the reaction was carried out in the absence
of light, only 4a, 3a, and 7a were isolated (under these condi-
tions, there was a high decrease in the isolated amount of 3a,
compared to the same experiment carried out in the presence of
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Scheme 4: Scope of the primary amine electrophilic reaction of sulfenate salts. Reaction conditions: 4 (2 equiv), NaH (2.4 equiv), 2, degassed DMF
(0.055 M). Isolated yields. rt – room temperature; NO – not observed.

Scheme 5: Electrophilic amination reaction in the presence of TEMPO. Reaction conditions: 4a (2 equiv), NaH (2.4 equiv), 2a, TEMPO (10 mol %),
degassed DMF (0.055 M). NO – not observed.

light, from 20% to 2% yield). Considering the potential occur-
rence of a radical pathway, additional experiments were con-
ducted in the presence of galvinoxyl and TEMPO, powerful
radical scavengers capable of abstracting the radical species that
could emerge in the reaction media. The use of galvinoxyl
proved to be insufficient to conclude since a control experiment

showed that HIRs 2 decompose in the presence of galvinoxyl.
When using TEMPO (Scheme 5), sulfinamide 6aa was not
detected, but a drastic decrease in the yield of sulfonamide 5aa
was observed, suggesting that the benzylamine-transfer reac-
tion might occur via a radical mechanism. This finding supports
the hypothesis that, beyond the ionic mechanism previously
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Scheme 6: Mechanism proposed for sulfonamide 5, β-sulfinyl ester 4, disulfide 7, and sulfide 3 formations. The ionic steps are illustrated in green,
whereas the radical steps appear in purple [35].

explored for our electrophilic primary amine transfer reagent
[4], HIR 2a might also be engaged in a radical mechanism
contingent upon the medium or the species present.

Analysis of data from optimization and scope experiments pro-
vided valuable insights into the reaction, leading to a plausible
mechanistic proposal (Scheme 6). This suggestion is based on
the recognized ionic character of the sulfenate ion generated in

the retro-Michael addition, on the results obtained with TEMPO
(Scheme 5), and also on the results obtained when the reaction
was carried out in the absence and presence of light, as well as
the control experiments in the absence of BBX (see Supporting
Information File 1).

We propose a mechanism pathway involving the retro-Michael
addition of 4, releasing acrylate and hydrogen (H2). The charge
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of the sulfenate anion may shift between sulfur and oxygen
atoms, possibly leading to an O-Michael addition (pathway B)
[35]. The intermediate of these reactions could undergo dispro-
portionation, a radical process resulting in the homolytic
cleavage of the S–O bond [35]. The formation of disulfide 7
isolated in the experiments can be explained by combining two
radical sulfur species. Furthermore, the oxygen species gener-
ated in this radical reaction may dimerize to yield peroxide.
However, the instability of peroxide favors the predominance of
radical oxygen species, which can react with the sulfur atom
from sulfinamide 6 previously formed in the reaction medium
(pathway A). Following the establishment of the new S–O
bond, a radical reaction akin to retro-Michael is expected,
yielding sulfonamide 5 and a C-radical derivative from acrylate.
This derivative may then combine with sulfur radical mole-
cules to produce sulfide 3, the final byproduct of this reaction.

Conclusion
As mentioned above, HIRs have emerged as alternative
reagents for conducting various transformations. The umpolung
reactivity provided by these iodine reagents enables chemical
transformations that would typically demand less environmen-
tally friendly conditions. The investigations conducted in this
work confirmed the ability of the novel hypervalent iodine(III)
reagents 2 to transfer their amine moieties to various β-sulfinyl
esters via an umpolung mechanism, generating the correspond-
ing sulfonamides.

Supporting Information
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Abstract
The remarkable nucleofugality of bromoarenes in diarylbromonium species renders them particularly suitable for the generation of
arynes for subsequent use in a wide range of synthetic applications. The common approach to generate cyclic biaryl λ3-bromanes is
based on thermal decomposition of hazardous diazonium salts. Herein, we disclose a mild and straightforward approach to diaryl-
bromonium species by direct anodic oxidation of 2,2'-dibromo-1,1'-biphenyl. The electrochemical method provides access to a
range of symmetrically and non-symmetrically substituted cyclic biaryl λ3-bromanes in moderate yields.
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Introduction
Chemistry of hypervalent bromine(III) species has experienced
rapid advancements during the recent years [1,2]. The remark-
able nucleofugality of aryl bromides in hypervalent
bromine(III) compounds has been exploited in the generation of
arynes from cyclic diaryl λ3-bromanes under remarkably mild
conditions with subsequent applications of the in situ-generated
arynes in cycloaddition reactions [3], meta-selective reactions
with oxygen and nitrogen nucleophiles [4,5], regiodivergent
meta or ortho-alkynylations [6], and regioselective (di)halo-
genation [7]. In addition, cyclic diaryl λ3-bromanes have been
successfully employed as halogen-bonding organocatalysts in
Michael addition [8] and their chiral variants were efficient in

catalyzing enantioselective Mannich reactions of ketimines with
cyanomethyl coumarins [9] and malonic esters [10]. These
notable examples underscore the remarkable potential of cyclic
diaryl λ3-bromanes in the development of efficient synthetic
transformations.

Cyclic diaryl λ3-bromanes 1 are typically synthesized using a
method developed by Sandin and Hay in 1952 [11] that relies
on the excellent nucleofugality of molecular nitrogen in di-
azonium compounds. Accordingly, pre-formed [12] or in situ-
generated 2,2’-bromodiazonium salts 2 [11,13,14] furnish
cyclic bromine(III) species 1 under thermal decomposition
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Scheme 1: Synthesis of cyclic diarylbromonium compounds.

conditions (Scheme 1, reaction 1). The diazonium intermedi-
ates 2 are obtained by diazotation of 2'-bromo-[1,1'-biphenyl]-
2-amines 3 with sodium nitrite and an acid under aqueous
conditions. Recently, Wencel-Delord and co-workers disclosed
an improved protocol toward diazonium intermediates 2 under
non-aqueous conditions (t-BuONO and MsOH in acetonitrile)
[4]. Nevertheless, the improved method still required thermal
decomposition of the diazonium salt to effect the cyclization. In
the quest for mild (room temperature) and scalable conditions
toward cyclic diaryl λ3-bromanes 1 we realized that bromanyl
units possess leaving group abilities comparable to the di-
azonium moiety [1,15]. Hence, the oxidation of 2,2'-dibromo-
[1,1'-biphenyl] into mono-λ3-bromane 5 would set the stage for
the key cyclization event (Scheme 1, reaction 2). We also
reasoned that an anodic oxidation of the aryl bromide is
perfectly suited for the generation of mono-λ3-bromane 5
under mild conditions [16-18]. This approach would conceptu-
ally differ from previously reported anodic syntheses of cyclic
diaryl iodonium compounds, where an electrochemically gener-
ated acyclic iodine(III) intermediate undergoes an intramolecu-
lar SEAr-type reaction to form the cyclic product [19,20].
Herein, we report on the development of an electrochemical
synthesis of cyclic diaryl λ3-bromanes under anodic oxidation
conditions.

Results and Discussion
Symmetric 2,2'-dibromo-1,1'-biphenyl 4a possessing ethoxycar-
bonyl groups ortho to the bromine was chosen as a model com-
pound for our study. We anticipated that the presence of the
ester moiety would help to stabilize the key λ3-bromane(III)
intermediate 5, as demonstrated in the work of Miyamoto et al.
[21], thus facilitating its formation in anodic oxidation. The
anodic oxidation of 4a under previously published conditions
for the synthesis of Br(III) species [16,18] (GC as working elec-

trode, Pt foil as counter electrode, 0.1 M tetrabutylammonium
tetrafluoroborate (TBA-BF4) in HFIP electrolyte and 2 F passed
charge at a current density of 10 mA·cm−2) afforded the desired
Br(III) product 1a in poor 14% NMR yield (Table 1, entry 1).
The cyclic diarylbromonium salt 1a was isolated by extractive
workup followed by reversed-phase chromatography and its
structure was unambiguously confirmed by X-ray crystallogra-
phy (Table 1, graphic). Gratifyingly, a two-fold increase in the
yield was achieved by a slight reduction of the current density
to j = 8 mA·cm−2 (entry 2 vs entry 1 in Table 1). A further
increase in the yield of 1a to 45% was possible by increasing
the amount of passing charge (6.0 F; Table 1, entry 3). Tetra-
ethylammonium tetrafluoroborate (TEA-BF4) appeared to be
somewhat superior as the electrolyte to TBA-BF4 and tetra-
methylammonium tetrafluoroborate (TMA-BF4) (entry 4 vs
entries 3 and 5, Table 1). In all experiments with a passed
charge of 6.0 F (Table 1, entries 3–5), nearly complete conver-
sion of starting 4a and moderate yield of the desired product 1a
was observed pointing at a possible degradation of either
starting material or product. Linear sweep voltammetry (LVS)
experiments (0.1 M TBA-BF4 in HFIP on a Pt disk electrode)
revealed that the reduction current increases almost 4 times
upon the addition of 5 mM 1a to the electrolyte (see Supporting
Information File 1, Figure S1). At the same time, passing 6.0 F
through a solution of 1a in 50 mM TBA-BF4/HFIP at
j = 8 mA·cm−2 led to 60% λ3-bromane 1a degradation,
suggesting that cationic 1a, formed on the anode, decomposes
on the cathode. To avoid the undesired cathodic decomposition
of 1a, the cathode and anode chambers were separated, and
further experiments were performed in a divided cell. Gratify-
ingly, the change of the cell type allowed for more than a two-
fold increase in the yield of product 1a from 28% (entry 2,
undivided cell, Table 1) to 60% (entry 6, divided cell). Interest-
ingly, higher amounts of passed charge did not improve the
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Table 1: Optimization of electrochemical oxidation/cyclization conditions.a

Entry Deviation from starting conditions 1a [%] 4a [%] Mass balance [%]

1 none 14 61 75
2 j = 8 mA cm−2 28 49 77
3 j = 8 mA cm−2, q/mol = 6.0 F 45 5 50
4 TEA-BF4, j = 8 mA cm−2, q/mol = 6.0 F 48 5 53
5 TMA -BF4, j = 8 mA cm−2, q/mol = 6.0 F 42 6 48
6 divided cell, 0.25 M TEA-BF4, j = 8 mA cm−2 60 24 84
7 divided cell, 0.25 M TEA-BF4, j = 8 mA cm−2, q/mol = 3.0 F 41 19 60
8 divided cell, RVC, 0.25 M TEA-BF4, j = 8 mA cm−2 62 0 62
9 divided cell, BDD, 0.25 M TEA-BF4, j = 8 mA cm−2 57 10 67
10 divided cell, 0.20 M TEA-BF4, j = 8 mA cm−2 15 55 70
11 divided cell, 0.30 M TEA-BF4, j = 8 mA cm−2 15 63 78
12 divided cell, 0.25 M TEA-ClO4, j = 8 mA cm−2 31 26 57
13 divided cell, 0.25 M TEA-PF6, j = 8 mA cm−2 46 19 65

aReactions were performed on a 0.15 mmol scale. Yields and mass balance were determined by 1H NMR in the crude reaction mixture using 1,2,3,4-
tetrafluorobenzene as an internal standard. bEllipsoids are shown at 50% probability, with hydrogen atoms omitted for clarity. Selected bond dis-
tances (Å) and angles (deg) for 1a: Br5–O11, 2.657(2); Br5–O16, 2.647(2); Br5–C4A, 1.917(3); Br5–C5A, 1.915(2); Br5–F4, 3.081(5); C4A–Br5–C5A,
86.6(1); C4A–C9B–C9A-C5A, 1.0(3); C4A–C4–C10–O11, 0.1(4), and C5A–C6–C15–O16, 7.8(4).

reaction outcome (Table 1, entry 7). Neither successful was also
a change of the anode material from GC to RVC or BDD
(entries 8 and 9, Table 1), variation of electrolyte amount
(entries 10 and 11) or altering of counter anions in the support-
ing electrolyte (entries 12 and 13; for complete optimization
results, see Supporting Information File 1, Table S1).

With the optimized reaction conditions in hand, next, the sub-
strate scope was evaluated (Scheme 2). Symmetrical biaryls
with electron-deficient substituents such as Cl (4b) or CF3 (4c)
afforded the respective Br(III) products 1b,c in slightly reduced
yields as compared to that of 1a. Gratifyingly, electron-rich
MeO-substituted 1d could be also obtained under the de-
veloped conditions. Unsymmetrically substituted 4e and mono-
substituted dibromides 4f,g demonstrated reactivity similar to
that of their symmetrical analogues 4b,c with exception of the
mono-MeO-substituted dibromide 4h. Notably, the presence of
two stabilizing ester moieties is critical for the synthesis of
Br(III) species: the removal of one ester group (4i–k), or its
replacement by NO2 (4l) or SO2t-Bu (4m) substituents in 2,2'-
dibromo-1,1'-biphenyls resulted in starting material degrada-

tion with no formation of the desired product (for a complete
list of substrates that do not form the desired electrochemical
oxidation product see Supporting Information File 1, Scheme
S1).

A series of control experiments was performed to rationalize the
observed reactivity trends (Scheme 2). The measured redox
potentials EP/2 for 2,2'-dibromo-1,1'-biphenyls 4a–g (from
1.77 V to 2.88 V) and unsuccessful substrates 4i–m, S9a, S9b
(from 1.73 V to 2.54 V) (Table S2 in Supporting Information
File 1) span similar potential regimes suggesting that the
success of the anodic oxidation likely depends on the structural
rather than the electrochemical properties of the starting 2,2'-
dibromo-1,1'-biphenyls 4a–m. A closer inspection of the elec-
trochemical behaviour of compound 4a revealed an irreversible
electron transfer at scan rates up to 1 V s−1 (Scheme 3A) indi-
cating that one or more rapid chemical steps are following the
electrochemical step [22,23]. Besides, the observed linear corre-
lation between Ep of the redox event and the square root of the
scan rate (Scheme 3B) suggested that compound 4a is not sig-
nificantly adsorbed on the electrode surface [23]. Comparison
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Scheme 2: Substrate scope. Reactions were performed on a 0.15 mmol scale. Yields were determined by 1H NMR spectroscopy of the reaction mix-
ture using 1,2,3,4-tetrafluorobenzene as an internal standard. Isolated yields are given in parentheses.

of the jp vs v0.5 slope with our previously obtained results for
the anodic oxidation of aryl bromides 6a (two-electron oxida-
tion) and 6b (one-electron oxidation) into the respective
bromine(III) species (Scheme 3C) [17] demonstrated a more
similar behaviour to 6b suggesting that revealed oxidation is a
single-electron-transfer process. It is important to note that this
comparison assumes that the diffusion coefficients of 4a and 6,
parameters that influence the jp vs v0.5 slope, are similar. On the
other hand, anodic oxidation of 4a under optimized conditions
(entry 6, Table 1) using 1 F returned only 35% of 1a (NMR
yield), whereas passing 2 F charge delivered 1a in 60% yield.
The latter data provides an evidence that the overall oxidation
of 4a to 1a likely is a two-electron process, suggesting that the
second oxidation step may involve disproportionation of puta-
tive Br(II) species (see Scheme 3D).

Based on the control experiments described above we propose a
plausible mechanism as shown in Scheme 3D. The reaction
starts with a single-electron oxidation of 4a on the electrode
surface to form cation radical A, in which Br(II) is chelation-
stabilized by the carboxyl group [21] and the neighbouring Br
substituent [24]. Intermediate A rapidly undergoes irreversible
chemical reaction by HFIP coordination to transient Br(II) fol-
lowed by subsequent deprotonation to generate radical B. A
following disproportionation of radical B would lead to the for-
mation of Br(III) species C (anodic oxidation cannot be fully
excluded), which undergoes intramolecular SNAr-type substitu-
tion to form cyclic λ3-bromane 1a and hypobromite D. The
latter decomposes into bromide and hexafluoroacetone, with the
latter observed by 19F NMR [25]. Assuming that intermediate B
is sufficiently stable to leave the diffusion layer and undergoes
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Scheme 3: A: Background and iR drop-corrected CVs of 5 mM 4a at different scan rates (solvent: HFIP, working electrode: glassy carbon, supporting
electrolyte: 0.1 M TBA-BF4). B: Plot of the peak current densities (jp) vs v0.5. C: Representative jp vs v0.5 slope values for oxidation of Martin’s
bromane precursor 6 (ref. [17]). D: Plausible reaction mechanism.

disproportionation to the species C in the bulk electrolyte
provides a reasonable explanation for why the reaction appears
as a one-electron oxidation in CV experiments, but still as a
two-electron oxidation in electrolysis.

Conclusion
In conclusion, we have demonstrated a conceptual approach to
cyclic diaryl λ3-bromanes by electrochemical oxidative cycliza-

tion of 2,2'-dibromo-1,1'-biphenyls. The developed method
represents a safe and inexpensive alternative to the commonly
used thermal decomposition of potentially explosive diazonium
salts. The successful electrochemical oxidation requires the
presence of two chelating ester groups that stabilize the formed
Br(III) species. Further work towards improving the substrate
scope and understanding the reaction mechanism are in progress
in our laboratory.
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Abstract
β-Amino cyanoesters are important scaffolds because they can be transformed into useful chiral amines, amino acids, and amino
alcohols. Halogen bonding, which can be formed between halogen atoms and electron-rich chemical species, is attractive because
of its unique interaction in organic synthesis. Chiral halonium salts have been found to have strong halogen-bonding-donor abilities
and work as powerful asymmetric catalysts. Recently, we have developed binaphthyl-based chiral halonium salts and applied them
in several enantioselective reactions, which formed the corresponding products in high to excellent enantioselectivities. In this
paper, the asymmetric synthesis of β-amino cyanoesters with contiguous tetrasubstituted carbon stereogenic centers by the Mannich
reaction through chiral halonium salt catalysis is presented, which provided the corresponding products in excellent yields with up
to 86% ee. To the best of our knowledge, the present paper is the first to report the asymmetric construction of β-amino cyanoesters
with contiguous tetrasubstituted carbon stereogenic centers by the catalytic Mannich reaction.
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Introduction
Halogen bonding (XB) has attracted intense research attention
for its unique interaction between halogen atoms and electron-
rich substituents [1]. XB has been applied to various fields of
chemistry, such as organic chemistry [2-5], organocatalysis
[6,7], metal catalysis [8,9], biochemistry [10,11], materials
science [12,13], and supramolecular chemistry [14,15], al-

though its successful application to asymmetric catalysis has
been limited (Figure 1) [16-20]. In 2018, Arai and co-workers
developed chiral amine 1 with an electron-deficient iodine
atom, which catalyzed the Mannich reaction in excellent yields
and enantioselectivities [17]. In 2020, Huber and co-workers re-
ported the bis(iodoimidazolium) 2-catalyzed Mukaiyama–aldol
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Figure 1: Selected examples and applications of chiral halogen-bonding catalysts.

reaction of carbonyl compounds with enol silyl ethers, which
provided the products in high yields with up to 33% ee [19]. In
2023, García Mancheño and co-workers reported the
tetrakis(iodotriazole) 3-catalyzed dearomatization of halogen-
substituted pyridines 4, which formed the corresponding prod-
ucts 5 in high yields with up to 90% ee (Figure 1b) [20]. Hyper-
valent halogen compounds have been utilized as highly reac-
tive substrates [21-27] and have recently been reported to work
as halogen-bonding catalysts [28-31]. Previously, chiral halo-
nium salts have been utilized in asymmetric catalysis [32-35],
and we have developed chiral halonium salts and applied them
to asymmetric reactions such as vinylogous Mannich reactions
of cyanomethylcoumarins 6 with isatin-derived ketimines 7
[33,35] and 1,2-addition reaction of thiols to ketimine [34],

which formed the corresponding products 8 in high yields with
high to excellent enantioselectivities (Figure 1c). Despite these
successful examples, the construction of only one stereocenter
has been reported to date.

The Mannich reaction has great importance because of its utility
in the preparation of useful chiral molecules such as amines
[36], amino acids [37], and amino alcohols [38]. In this context,
their asymmetric syntheses are important and have also been
researched mainly using chiral catalysts [39,40]. Previously, the
Mannich reaction has been applied in the construction of
contiguous stereogenic centers (Figure 2). In 2005, Jørgensen
and co-workers reported the enantio- and diastereoselective
Mannich reaction of α-cyanoesters with aldimines catalyzed by
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Figure 2: Selected examples for the construction of contiguous tetrasubstituted carbon centers via the Mannich reaction and this work.

chiral amines, which provided β-amino cyanoesters in excellent
yield and diastereoselectivities with up to 98% ee (Figure 2a)
[41]. The Mannich reaction has been also applied in the con-
struction of contiguous tetrasubstituted carbon stereogenic
centers [42-46]. In 2011, Shibasaki, Matsunaga and co-workers
reported strontium or magnesium-catalyzed stereodivergent
asymmetric Mannich reactions of an α-isothiocyanato ester with
ketimines, which provided the products in excellent yields and
diastereoselectivities with up to 97% ee (Figure 2b) [42]. To the
best of our knowledge, the present paper is the first to report the
asymmetric construction of β-amino cyanoesters with

contiguous tetrasubstituted carbon stereogenic centers by the
Mannich reaction, using our originally developed chiral halo-
nium salt catalysis (Figure 2c).

Results and Discussion
Chiral halonium salts 9a–c were prepared according to our pre-
viously reported methods [33]. The Mannich reaction of
ketimine 7a and cyanoester 16a was selected as a benchmark,
and catalyst screening was conducted (Scheme 1). The reaction
was carried out with 1.0 equivalent of 7a and 5.0 equivalents of
16a in the presence of stoichiometric potassium carbonate and
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Scheme 1: Catalyst screening for the asymmetric Mannich reaction. All yields were determined by 1H NMR spectroscopy using 1,3,5-trimethoxyben-
zene as an internal standard.

1.0 mol % of 9. When bromonium salt 9a was applied to the
reaction, the desired product was obtained in 83% yield with
77% ee but almost no diastereoselectivity. The iodonium salt 9b
also worked well and the product was obtained in moderate
diastereo- and enantioselectivity, however, chloronium salt 9c
did not show significant catalytic activity, and the product was
formed in nearly the same yield as that obtained without a cata-
lyst with low stereoselectivity. From these observations, bromo-
nium salt 9a was found to be optimal in enantioselectivity, and
iodonium salt 9b was superior in terms of diastereoselectivity.
These results can be explained by the strength of halogen bond-
ing: generally, iodo-substituted compounds form stronger
halogen bonding with Lewis bases than chloro-substituted ones
[1]. Notably, the reaction catalyzed by only 1 mol % of iodo-
nium salt 9b provided the opposite diastereomer of 17a as the
major product compared with that without a catalyst, which
revealed the high catalytic activity of our catalyst. Further reac-
tion conditions optimization was conducted using 9a as a cata-
lyst (Table 1). Solvent screening was carried out, and it was
found to strongly affect the product’s stereoselectivity. Non-
polar solvents yielded better results, and toluene was found to
be optimal (Table 1, entries 1–6). Polar solvents such as aceto-
nitrile prohibited halogen bonding between 9a and the chiral
halonium salt. Next, the reaction temperature was optimized,
and −40 °C was found to be optimal (Table 1, entries 7–9).
Further optimization of the reaction conditions (amounts of
potassium carbonate and pre-nucleophile, catalyst loading, and
concentration) were conducted, and the reaction with 5.0 equiv-
alents of pre-nucleophile and 1.0 equivalent of potassium
carbonate in the presence of 1.0 mol % of 9 at 0.025 M of tolu-

ene and −40 °C was found to be optimal (Table 1, entries
10–13). Five equivalents of pre-nucleophile are required to
obtain higher yields and enantioselectivities.

Next, the optimization of the substituent on the 1-position of
imines was conducted (Scheme 2). In most cases, the products
were obtained in high yields with moderate to high enantiose-
lectivities; the sterically less-hindered methyl-substituted sub-
strate 7b was found to be better than the other substrates. The
bulky phenyl- or trityl-substituted 7c and 7d yielded products
with decreased enantioselectivities, likely due to the inhibition
of the interaction between the imines and the chiral catalyst by
hydrogen and/or halogen bonding. From these observations, the
substituent on the 1-position strongly affected the product’s en-
antioselectivities. Therefore, catalyst screening was conducted
again with 7b as a substrate (Scheme 3). In this case, iodonium
salt 9b showed the best performance, and the product 17b was
formed in 98% yield with a 67 (85% ee):33 (58% ee) diastereo-
meric ratio. In order to demonstrate the importance of halogen
bonding in the catalyst for the present reaction, chiral amide 9d
and tetrabutylammonium bromide (9e) were applied as cata-
lysts. The results indicate that 9d with only hydrogen bonding
provided 17b in a lower yield than without catalyst maybe due
to the deactivation of base by acidic amide moiety and with
almost no enantioselectivity. Although the addition of a catalyt-
ic amount of 9e accelerated the reaction, the same diastereomer
of 17b as the major product was obtained as for the reaction
without a catalyst, which shows the importance of halonium salt
moieties in our catalysts. From these results, the substrate scope
was conducted using 9b as a catalyst.



Beilstein J. Org. Chem. 2025, 21, 547–555.

551

Table 1: Optimization of reaction conditions.a

Entry Solvent Temp. (°C) Yield (%)b dr (ee (%))

1 toluene −40 83 51 (77% ee):49 (77% ee)
2 Et2O −40 76 57 (70% ee):43 (65% ee)
3 CH2Cl2 −40 76 58 (51% ee):42 (53% ee)
4 THF −40 77 58 (32% ee):42 (40% ee)
5 CHCl3 −40 68 60 (33% ee):40 (35% ee)
6 CH3CN −40 90 70 (6% ee):30 (14% ee)
7 toluene 0 84 25 (rac.):75 (rac.)
8 toluene −20 90 52 (70% ee):48 (63% ee)
9c toluene −80 57 40 (70% ee):60 (75% ee)

10d toluene −40 87 51 (70% ee):49 (75% ee)
11e toluene −40 82 51 (73% ee):49 (74% ee)
12f toluene −40 68 54 (74% ee):46 (73% ee)
13g toluene −40 74 50 (63% ee):50 (72% ee)

aReactions were conducted using 7a (1.0 equiv), 16a (5.0 equiv) and K2CO3 (1.0 equiv) at the appropriate solvent and temperature for 2 h.
bDetermined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard. cReaction conducted for 96 h. dWith 10 mol % of
K2CO3. eWith 5 mol % of 9a. fWith 1.5 equivalents of 16a. gToluene (0.1 M).

Scheme 2: N-Protecting group optimization for the asymmetric Mannich reaction. All yields were determined by 1H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard. aReaction conducted for 24 h.

First, the scope for the imines was carried out (Scheme 4).
5-Methyl-substituted 7f provided the corresponding product 17f
in 87% yield and 65:35 diastereomeric ratio with 85% ee and

58% ee for each. 5-Chloro-substituted 7g formed 17g in good
yield and diastereoselectivity with decreased enantioselectivity,
likely due to electronic effects. 6-Bromo- and 7-chloro-substi-
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Scheme 3: Catalyst screening using 7b as a substrate. All yields were determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an
internal standard.

Scheme 4: Substrate scope for the asymmetric Mannich reaction using 0.06 mmol of 7. Isolated product yields are shown. aThe result of the reaction
using 100.0 mg (0.34 mmol) of 7b.

tuted substrates also provided 17h and 17i in good yields with
moderate to good stereoselectivities. Next, Cbz-protected imine
7j was employed in the present reaction; the stereoselectivity of

product 17j drastically dropped. The scope for the pre-nucleo-
phile showed that phenyl-substituted 16b provided 17k in 94%
yield with high diastereoselectivity, albeit with decreased enan-
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Figure 3: Plausible reaction mechanism.

tioselectivities. Methyl ester 16c and tert-butyl ester 16d were
also applied to the present reaction, and products 17l and 17m
were isolated in high yields with moderate to high stereoselec-
tivities.

The plausible reaction mechanism is shown in Figure 3. First,
the removal of the acidic proton of the pre-nucleophile by
potassium carbonate to form intermediate I, which undergoes
cation exchange from tetrafluoroborate to the halonium moiety
to form chiral ion pair II. Attack of the chiral nucleophilic inter-
mediate II to imine 7 leads to intermediate III. The latter is
protonated by in the situ-formed potassium bicarbonate to form
the desired product 17, together with the regenerated chiral
halonium salt.

Conclusion
In conclusion, the enantio- and diastereoselective Mannich
reaction was developed by chiral halonium salt catalysis,
which provided the corresponding products with contiguous
chiral tetrasubstituted carbon centers in excellent yields with up

to 86% ee using only 1 mol % catalyst loading. Although the
diastereoselectivity of the products were moderate in most
cases, the opposite diastereomer was obtained as the major
product compared with reactions without a catalyst. To the best
of our knowledge, the present paper is the first to report the
asymmetric construction of β-amino cyanoesters with
contiguous tetrasubstituted carbon stereogenic centers by the
catalytic Mannich reaction. Further investigations into the reac-
tion mechanism and product applications are ongoing in our
group.
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