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Reactivity under mechanochemical conditions:
a new and more sustainable era for hypervalent
iodine?

Pernilla Öberg, a Sayad Doobary *a,b and Berit Olofsson *a,b

Hypervalent iodine reagents can mediate or catalyze a wide variety of organic reactions, and have hence

become important tools in the synthetic toolbox of organic chemists. Recent developments in the field

include reactions under mechanochemical conditions, ranging from reports on similar or improved reactivity

compared to the solution-phase, to papers describing novel reaction pathways. As mechanochemistry has the

potential to improve the sustainability profile of reactions by, for instance, avoiding reaction solvents and short-

ening reaction times, this critical review provides a sustainability comparison of mechanochemical and solu-

tion-phase reactions with iodine(III) compounds. The sustainability profiles were evaluated by comparing reac-

tion yields, solvent properties and calculated E-factors, based on data available in the literature. Overall, the

comparison provides strong support that mechanochemical hypervalent iodine reactions have improved sus-

tainability compared to solution-phase, often with more than ten-fold decrease in waste production, and

avoid a range of solvents with major issues according to the GSK solvent guide.

Green foundation
1. Hypervalent iodine reactions are popular in synthesis, as their reactions often display high selectivity under mild reaction conditions, without the need for
inert conditions or transition metal catalysts. The low-toxicity and stable nature of these compounds is attractive, but the sustainability profile is hampered
by the need for solvents that are often classed as highly hazardous. In this critical review, we evaluate their reactivity under mechanochemical conditions,
which avoid the use of solvents.
2. The review describes the reaction performance, as well as the waste profile, of selected mechanochemical iodine(III) reactions in comparison to the corres-
ponding solution-phase reactions, highlighting sustainability benefits as well as novel reactivity, providing guidance to readers on which reaction setups are
more sustainable for each type of reaction.
3. The growing field of mechanochemistry has the potential to make organic synthesis more sustainable, and the green chemistry analysis used in this review
should be applicable beyond iodine(III) reactions, providing further insight into sustainable organic synthesis.

1 Introduction

Hypervalent iodine chemistry has in recent decades developed
into a flourishing field of research, with a wide variety of appli-
cation areas ranging from organic synthesis to polymer chem-
istry.1 Hypervalent iodine reagents are generally bench-stable,
display low toxicity, and do not require inert reaction con-
ditions, which are beneficial properties from a sustainability
point of view. Drawbacks of this type of chemistry include the
production of stoichiometric iodoarene (ArI) waste, and the
common use of hazardous solvents both for reagent synthesis
and use.1a,b

While the stoichiometric ArI waste can in some cases be
avoided through the development of catalytic reactions,2 the
solvent use remains problematic. Due to the polarized structure
of common hypervalent iodine reagents (Fig. 1), solubility can be
challenging.3 Beyond the polymeric structures PhIO and 2-iodoxy-
benzoic acid (IBX), also (diacetoxyiodo)benzene (DIB), [hydroxy
(tosyloxy)iodo]benzene (HTIB), many iodonium salts, and benzio-
doxolones are sparingly soluble in most aprotic organic solvents.
DMP and the fluorinated reagents [bis(trifluoroacetoxy)iodo]
benzene (PIFA) and benziodoxoles display better solubility. The
synthesis and application of hypervalent iodine reagents are fre-
quently executed in the halogenated solvents dichloromethane
(DCM), dichloroethane (DCE), chloroform, trifluoroethanol (TFE)
and hexafluoroisopropanol (HFIP). Other solvents are dimethyl-
formamide (DMF), tetrahydrofuran (THF) and rarely diethyl
ether.1a Common solvent sustainability guides categorize all of
these as “Red – major issues/hazardous”,4 except for HFIP, which
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has not been evaluated in the guides but has a toxicity profile
similar to that of TFE.5

The increasing use of acetonitrile (MeCN) and toluene,
both listed as “Amber – some issues/problematic” in the
solvent guides,4 is an important step in the right direction.
However, solvent-free methodology for synthesis and appli-
cations of hypervalent iodine compounds would be very attrac-
tive from a sustainability point of view.

Pioneering studies combining mechanochemistry with syn-
thetic organic chemistry have demonstrated that mechanochem-
ical organic reactions alleviate the need for a reaction solvent, can
be high-yielding and time-efficient, can be less sensitive to air
and moisture, and can sometimes give different reaction selecti-
vity.6 The use of liquid-assisted grinding (LAG), i.e., the addition
of a minimal amount of a liquid to the reaction vessel, can often
facilitate mechanochemical reactions. While common solvents
are often utilized as LAG additives, the volumes are considerably
smaller and less of a sustainability concern.

Early reports on solvent-free reactions with hypervalent
iodine reagents highlight that reactivity can be achieved
through simple stirring under neat conditions,7 and the com-
bination with mechanochemical activation through grinding
with a pestle and mortar or ball-milling is becoming more
common. While many papers focus on reproducing reactions
described in solution, the potential of combining mechano-
chemistry with hypervalent iodine chemistry is illustrated by
several recent reports focusing on novel reactions that are
unreported in solution.

2 Methodology and literature
selection
2.1 Methods

In this critical review, we describe the synthesis and use of
hypervalent iodine compounds in mechanochemical reactions.
For a selected set of iodine(III) reactions, we have performed a

sustainability analysis, comparing the mechanochemical reac-
tions to the corresponding solution-phase methods. The latter
were selected to be as similar as possible to the mechano-
chemical reactions and refer only to transformations using
hypervalent iodine reagents. The comparison includes yields
for selected products, a sustainability assessment of the tox-
icity of the reaction solvent vs. LAG using the GSK solvent
guide,4a and waste formation quantified using E-factors.8 As
few literature reports contain such data, we have calculated the
E-factors for the transformations that have sufficient data to do
so. We decided to calculate the E-factors without purification,5

both to focus on the reactivity differences between mechano-
chemistry and solution-phase, and because of insufficient data
on workup and purification in the reviewed papers. Solution-
phase reactions performed on a much larger scale than the
mechanochemical versions are presented without E-factors, as
such comparisons are of limited use.

Fig. 1 Common hypervalent iodine reagents. Ts = p-toluenesulfonyl.
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Many methods have been demonstrated across a broader
substrate range in solution, and later with a smaller mechano-
chemical scope. It is unclear whether this difference reflects
an inherent advantage of the solvent-based method, or merely
the extent of the substrates investigated, and so we have
refrained from in-depth discussions of the scope and limit-
ations of the methods.

We have limited the solution-phase comparison and sus-
tainability analysis to reactions utilizing the unique reactivity
of the iodine(III) core to form new bonds, beyond simple oxi-
dation. Other mechanochemical reactions with hypervalent
iodine compounds are briefly described below.

2.2 Mechanochemical iodine(III) reactions

DIB is often utilized both as a substrate in the synthesis of
more complex iodine(III) reagents, and as a potent oxidant.1a,b

In this fashion, the synthesis of oligomeric iodosobenzene
sulfate (PhIO)3·SO3 was initiated by grinding DIB with NaHSO4

in a mortar, followed by stirring in water.9 Early reports from
Ando and co-workers detailed that pulverization of iodosoben-
zene and HCl-treated silica gel in a mortar provided an oxi-
dative chlorinating reagent, presumably PhI(OH)Cl, which was
utilized in situ for reactions with alkenes and sulfides.10

DIB was also utilized in halogenation of arenes through
grinding with NaCl, NaBr or I2,

11 and in the synthesis of oxa-
diazoles from acylhydrazones.12 Wang and co-workers
described aminohalogenation of the alkene moiety of
α,β-unsaturated ketones through ball-milling with DIB in the
presence of chloramine-T (TsNClNa) or N-bromosuccinimide
(NBS, Scheme 1A).13 Furthermore, fused N-heterocycles could
be halogenated or thiocyanated by grinding with DIB and the
corresponding alkali metal or ammonium salt.14

PIFA is a fluorinated and often more reactive analogue of
DIB. A regioselective nitration of anilides was achieved

through grinding with PIFA and sodium nitrite, likely through
a radical reaction (Scheme 1B).15 A series of papers details
oxidative transformations with DIB, PIFA, or HTIB to yield
heterocycles by grinding with a pestle and mortar. In this
fashion, the oxidative aromatization of 1,4-dihydropyridines,
as well as an oxidative cyclization of 2-pyridyl- or 2-quinolyl-
hydrazones, were realized.16 The DIB-mediated cyclization of
chalcone oximes gave diarylisoxazoles through grinding
with DIB,17 and benzothiazoles were synthesized from
2-aminothiophenols and aldehydes, using DIB or PIFA
(Scheme 1C).18

Mal and co-workers reported a DIB-mediated oxidative ami-
dation of aryl aldehydes and benzylamines, with sodium bisul-
fate added to control the reactivity of this otherwise explosive
combination (Scheme 1D).19 Alkynyl- and vinyl selenides were
synthesized by grinding DIB with carboxylic acids and diaryldi-
selenides, resulting in a selenodicarboxylation.20

There are several reports on multicomponent reactions uti-
lizing an iodine(III) reagent under mechanochemical con-
ditions. Wang and co-workers demonstrated an elegant syn-
thesis of dihydropyrroles through a sequential ball-milling
reaction of amines, alkyne esters and chalcones, promoted by
iodine and DIB.21 Likewise, a multicomponent reaction with
dihydrazinopyridazines and aromatic aldehydes yielded bis-
triazolopyridazines through grinding with DIB.22 Also, the one-
pot synthesis of triazoles from hydralazines and aldehydes,
through oxidative cyclization of the corresponding hydrazones
with DIB or PIFA, could be achieved in a planetary ball-mill.23

The authors highlighted that the sustainability metrics were
considerably improved compared to the corresponding solu-
tion-phase reaction.

Scheme 1 Examples of mechanochemical iodine(III) reactions.
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Transition metal-catalyzed reactions with DIB as oxidant
are common in solution1a,b and mechanochemical versions of
such reactions indicate that inert conditions are not required.
A Pd-catalyzed ortho-C–H etherification of aryl oximes with a
range of aliphatic alcohols proceeded well in the presence of
DIB under ball-milling conditions (Scheme 1E).24 In a DIB-
mediated, Rh-catalyzed C–H amination with sulfamides, the
catalyst was found to be much more stable than in solution-
phase reactions.25 Finally, a recent paper utilized DIB as a
Lewis acid in a pestle and mortar-activated Pictet–Spengler-
type reactions.26

Diaryliodonium salts (Ar2IX) are frequently used either as
efficient arylation reagents27 (see Section 5.1) or as aryl radical
initiators in polymerization reactions.1c Recently, Golder and
co-workers demonstrated that Ph2IPF6 could be used under
mechanoredox catalysis with the piezoelectric catalyst BaTiO3

for free-radical polymerization (FRP) or reversible addition–
fragmentation chain transfer (RAFT) polymerization to provide
poly(meth)acrylates.28

2.3 Mechanochemical iodine(V) reactions

In 2014, Mal and co-workers performed an interesting study of
the oxidative power of IBX under ball-milling conditions
compared to reported solution-phase reactions.29

Mechanochemical oxidation was efficient in a variety of reac-
tions, including alcohol and amine oxidations to the corres-
ponding aldehydes, ketones, or imines, as well as the one-pot
synthesis of benzimidazoles, dithiane deprotection, and
α-haloketone synthesis from olefins (Scheme 2A).29

Furthermore, the stoichiometric iodine(III) waste, 2-iodosoben-
zoic acid (IBA), could be re-oxidized in situ with Oxone to IBX,
highlighting that iodine(V) compounds can both be formed
and used under ball-milling conditions without explosions.

Another study demonstrated that while mechanochemical
reactions between anilines and IBX caused explosions, the
corresponding 2-aminobenzamides could be reacted with alde-
hydes and IBX to form quinazolinones (Scheme 2B).30 IBX was
also found to be the best oxidant in a mechanochemical syn-
thesis of azo-based polymers.31

2.4 Mechanochemical iodine(VII) reactions

The inorganic iodine(VII) reagent periodic acid (H5IO6) was
demonstrated to be an efficient and divergent oxidant for poly-
cyclic aromatic hydrocarbons, providing C–H oxidation under
mechanochemical conditions and C–H iodination in solu-
tion.32 Furthermore, it was utilized in the oxidation of internal
alkynes to provide a large scope of 1,2-diketones under ball-
milling conditions (Scheme 2C).33

The remainder of this review is focused on highlighting
novel mechanochemical transformations with iodine(III) com-
pounds, as well as providing a critical sustainability compari-
son with the corresponding solution-phase methodologies,
where they exist.

3 Ligand exchange reactions

Reactions whereby hypervalent iodine compounds exchange
an iodine ligand are called ligand exchanges. Such reactions
are generally straightforward with heteroatom ligands, whereas
introduction of carbon ligands can be more difficult.1a

DIB and HTIB are often used as substrates in ligand
exchanges to reach more complex iodine(III) reagents in
solution.1a,b In one of the early reports combining mechano-
chemistry with hypervalent iodine reagents, Yusubov and
Wirth described the synthesis of HTIB derivatives by reacting
(diacetoxyiodo)arenes 1 and sulfonic acid 2 via grinding with a
pestle and mortar (Scheme 3A).34 Evaporation of the liberated
acetic acid afforded products 3 in good to excellent yields and
with excellent waste profiles (E-factors < 1). In solution, the
same transformation typically utilizes acetonitrile,1a classified
as “Amber” by the GSK solvent guide, and proceeds in simi-
larly high yields.35 As the reported reaction scales are much
larger than the mechanochemical ones, E-factor comparisons
offer limited insight.5 Eliminating the need for a problematic
solvent enables a greener approach to these species, albeit
reported here only on a small scale. By contrast, multi-gram
syntheses of HTIB are well established in solution and are of
commercial relevance.

[Hydroxy(phosphoryloxy)iodo]arenes 4 are structurally
similar to HTIB, bearing a phosphate ligand in lieu of a tosy-
late. They were conveniently prepared in a solvent-free manner
by grinding equimolar quantities of DIB 1 and phosphate ester
5 in a pestle and mortar. This efficiently provided the desired
products 4 in high to excellent yields (Scheme 3B).36 The
corresponding reaction can be performed in aqueous aceto-
nitrile with similar efficiency.37 While direct comparison of
E-factors is precluded due to the differences in reported reac-
tion scale,5 the mechanochemical reaction has impressively
low E-factors, reflecting the minimal waste generated in the
absence of solvent.

Yoshikai and co-workers reported a regioselective synthesis
of arylbenziodoxoles 6 from arenes 7 and benziodoxole triflate
8 under both solution-phase and ball-milling conditions
(Scheme 3C).38 Reactions in acetonitrile for 24 h were per-
formed in a glove-box and applied to a broad scope of arenes

Scheme 2 Examples of mechanochemical iodine(V) and iodine(VII)
reactions.
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in high yields. While the mechanochemical reaction was only
demonstrated across four substrates, the authors highlighted
the utility of the method through a gram-scale synthesis of 6c
in 92% yield. The mechanochemical setup is attractive due to
both the shorter reaction times and the excellent E-factors,
which are 5–9 times lower than in solution.

4 Oxidative reactions

Iodine(III) compounds with two heteroatom ligands on iodine
are widely employed oxidants under transition metal-free or

transition metal-catalyzed solution-phase conditions.1a,b

Reactions commonly employ DIB (1a), PIFA (9) or HTIB (3a),
and sometimes involve direct ligand transfer from iodine(III) to
the substrate. Section 4 describes selected mechanochemical
methods, including sustainability comparisons with the
corresponding solution-phase methods.

4.1 Tosyloxylation

Carbonyl compounds readily undergo α-oxidation upon treat-
ment with various iodine(III) compounds, with
α-tosyloxylations using HTIB as the most well-known trans-
formation. This reactivity is well-established under inert con-
ditions in solution, either utilizing stoichiometric amounts of
iodine(III) or combining catalytic amounts of iodoarene with a
stoichiometric oxidant such as mCPBA.1a,39

In 2005, Yusubov and Wirth demonstrated the first
mechanochemical α-sulfonyloxylation of carbonyl compounds
10 to yield products 11 (Scheme 4A).34 The reactions were per-
formed in a pestle and mortar, either using isolated HTIB or
in situ formed reagent from DIB and tosic acid. Tosyloxylation
of dicarbonyl substrates proceeded in good yields, whereas
reactions with ketones or transfer of alternative sulfonyl
groups gave reduced yields. Reactions performed in aceto-
nitrile required increased temperatures to access such pro-
ducts,40 which is unfeasible through simple grinding, high-
lighting an inherent limitation of this methodology.
Unfortunately, the E-factors could not be calculated for the
mechanochemical setup due to a lack of experimental data.

Varma and co-workers subsequently extended the mechano-
chemical tosyloxylation scope to include the facile synthesis of
α-tosyloxy β-keto sulfones 11e–11h from HTIB (Scheme 4B).41

Grinding of the substrates in a pestle and mortar produced a
scope of nine products in good to excellent yields. A range of
electronics, including aryl and cyclic alkyl substituents, were
well tolerated. This singular mechanochemical procedure con-
stitutes the only synthesis of α-tosyloxy β-keto sulfones, and
the low E-factors demonstrate a minimal environmental
footprint.

Recently, our group investigated the efficiency of a range of
iodine(III) reactions under ball-milling conditions. Within that
study, we carried out tosyloxylations of carbonyl compounds
10 to give products 11 using a catalytic amount of 2,4-di-
methyliodobenzene (12), with mCPBA and tosic acid as stoi-
chiometric reagents and HFIP as LAG (Scheme 4C).42 While
catalytic iodine(III) reactions are prevalent in solution, this
report constitutes the first example of a catalytic system with
hypervalent iodine under mechanochemical conditions, high-
lighting that fast oxidation from iodine(I) to iodine(III) is feas-
ible through ball-milling. The mechanochemical yields of 11d
and 11k could be improved by preheating the ball-milling
vessel and increasing the reagent amounts to partially over-
come the limitations observed with less reactive substrates in
the pestle and mortar reaction in Scheme 4A.

Comparison to solution-phase results for the catalytic reac-
tion can only be performed for 11d and 11k, due to differing
product scopes. Both products showcase considerably lower

Scheme 3 Mechanochemical ligand exchange reactions. a2 mmol
scale. Ms = methanesulfonyl; Cs = (1R)-10-camphorsulfonyl; Tf =
trifluoromethylsulfonyl.
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E-factors in the mechanochemical protocol, despite lower
yields being obtained with that method. While the need for
toxic HFIP as LAG lowers the sustainability profile, the
minimal volume needed (0.3–0.4 mL mmol−1) should be com-
pared to solution-phase reactions in acetonitrile (10 mL
mmol−1), which is also a problematic solvent. Furthermore,
the synthesis of 11a proceeded efficiently without use of HFIP.

To conclude, sulfonyloxylations of carbonyl compounds
proceed well under both mechanochemical and solution-
phase conditions. The catalytic method in Scheme 4C gives
similar yields to the stoichiometric iodine(III) method in
Scheme 4A, as illustrated by products 11a (77% vs. 84%) and
11c (41% vs. 32%). Though the E-factors of individual tosyloxy-
lations may be lower for reactions using stoichiometric iodine

(III), the waste generated during reagent synthesis is not con-
sidered in such calculations. In addition to the consistently
lower E-factors achieved with mechanochemistry, most
examples proceed without need for any toxic additive.
However, large-scale applications of the mechanochemical
approach remain unreported.

4.2 Oxidative rearrangement

Yu and co-workers reported the synthesis of α,β-unsaturated
amides 13 through a DIB-mediated oxidation and alkylthio
migration of alkylthio-functionalized enaminones 14
(Scheme 5).43 The reaction was initiated by manually stirring
the substrates with a glass rod in a glass vial for 5 minutes,
and the resultant liquid was left under ambient conditions for
an additional two hours until complete conversion of 14 was
observed. This highlights that, while mechanochemical acti-
vation of the reaction was necessary, the continued reaction
took place without it. The target compounds 13 were isolated
in moderate to good yields across ten substrates of varying
electronics. The authors also reported a solution-phase version
with a substrate scope of 42 amides, which required the use of
DCE, designated “Red – highly hazardous” by the GSK solvent
guide4 due to its toxicity and probable carcinogenicity.
Furthermore, the DIB loading in solution was increased from
1.2 to 1.5 equiv. The solvent-free route is thus more favorable
from a green chemistry perspective, both based on E-factor
score and solvent toxicity.

4.3 Oxidative functionalization of alkenes

Mechanosynthesis can proceed via pathways distinct from con-
ventional solution-phase methods, giving access to products
with different regio- or stereoselectivity. The groups of Yeung
and Ke demonstrated that the mechanochemical dioxygena-
tion of styrenes 14 with PIFA yielded dimeric 1,3-diol 15 as the
major product and monomeric 1,2-diol 16 as the side-product
(Scheme 6A).44 The reaction was conducted in a horizontal
ball-mill and the in situ formed diester was subsequently
treated with ammonia in methanol to give the corresponding
diol 15. In contrast, a one-pot reaction performed in dichloro-

Scheme 4 α-Tosyloxylation of carbonyl compounds. aNo HFIP added.
b1.5 equiv. mCPBA and tosic acid, preheated vessel.

Scheme 5 DIB-mediated synthesis of conjugated amides.
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methane (DCM) under reflux afforded the 1,2-diol 16 as sole
product.45 Mechanistic studies suggest that strong mechanical
impact forces may induce dimerization of PIFA, thereby redu-
cing the concentration of the active monomeric species and
promoting an intramolecular cascade reaction between olefins
to furnish the 1,3-disubstituted product. In solution, disso-
ciated trifluoroacetate anions may instead selectively favor a
direct substitution mechanism, thus following the convention-
al dioxygenation pathway to selectively give 1,2-diols.44

The calculated E-factors are relatively poor, which stem
from side-product formation and the need for treatment with
ammonia in methanol. Nonetheless, this method provides a
novel synthetic route to 1,3-diols through the direct dioxygena-
tion of styrenes, whereas conventional solution-phase routes to
1,3-diols require several steps.46

A mechanochemical 1,4-iodohydroxylation strategy was also
developed by treating styrenes 14 with PIFA and molecular
iodine under ball-milling conditions with silica as solid-

assisted grinding agent (SAG).44 Quenching with ammonia in
methanol furnished the corresponding 1,4-iodoalcohols 17 as
single diastereomers in moderate yields (Scheme 6B). The
same mechanistic rationale as above was employed to explain
the observed selectivity in favor of 17 over the solution-phase
product 18. Though insufficient details are provided to accu-
rately calculate E-factors, this protocol remains the only
reported route to access these novel products.

Hypervalent iodine reagents are frequently employed in
fluorinations to reach pharmaceutically relevant character-
istics, such as increased metabolic stability and potency in
medicines. In this vein, the groups of Stuart and Browne
reported a mechanochemical fluorocyclization of functiona-
lized alkenes via ball-milling.47 Fluoroiodoxole 19 was
employed as a fluorine source in reactions with alkenyl hydra-
zones 20 to yield 5-fluoro-tetrahydropyridazines 21 in high
yields when activated by the use of HFIP as LAG (Scheme 7A).
While the reaction could also be performed in similar yields
with HFIP as solvent under inert conditions, the mechano-
chemical protocol affords much-improved E-factors through an
8-fold reduction of toxic HFIP.

In a similar fashion, treatment of alkenyl oximes 22 with
fluoroiodoxole 19 produced 5-fluorodihydrooxazines 23 with
DCM as LAG (Scheme 7B).47 Notably, mechanochemical acti-
vation afforded higher yields than conventional synthesis in
DCM due to suppressed side-product formation.47 The
mechanochemical E-factors are comparatively high due to the
use of excess AgBF4 as reaction additive. However, the use of
DCM is markedly reduced, along with the environmental foot-
print of the reaction.

Finally, the authors reported an intramolecular fluorolacto-
nization protocol under ball-milling conditions, using HFIP as
LAG (Scheme 7C).47 Fluoroiodoxole 19 was applied to unsatu-
rated carboxylic acids 24 to furnish γ- and δ-lactones 25.

Compared to their previously reported solution-based
method in HFIP solvent,48 higher yields were obtained.
Furthermore, the volume of toxic HFIP was reduced by a factor
of 6, thereby leading to much-improved E-factor scores indica-
tive of a more sustainable process by mechanochemistry.

4.4 Oxidative sulfenylation

Sulfenylation of imidazothiazoles and related scaffolds is fre-
quently copper-catalyzed and often involves harmful solvents
such as DMF, elevated temperatures, and long reaction
times.49 In 2025, Hamze and co-workers developed a PIFA-
mediated mechanochemical route towards the regioselective
C5-sulfenylation of imidazothiazoles.50 For this purpose,
imidazo[2,1-b]thiazoles 26 were ground with aryl methyl sul-
fides 27 and PIFA in a vibrational ball-mill to produce a broad
scope of arylthiolated products 28 (Scheme 8). The procedure
was also upscaled to afford 1.36 g of the desired product 28a
after recrystallization. A mechanistic investigation indicated an
ionic pathway with a highly electrophilic iodine(III)–S(Me)Ar
intermediate that is attacked by the imidazothiazole, whereas
related methods proposed radical mechanisms.51 The authors
compared the environmental impact of their method to per-

Scheme 6 PIFA-mediated oxidative dimerizations of alkene. a3.0 equiv.
of 14.
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forming the synthesis of 28a in acetonitrile at 50 °C. The
E-factor of the solution-based reaction is 100 times higher due
to the need for excess reagents, solvent waste, and an aqueous/
DCM workup to quench residual PIFA.

4.5 Reactions with iodonium sulfonimides

Iodonium sulfonimides (PhINSO2R) are iodine(III) reagents
commonly used in nitrogen-transfer reactions, e.g., imination
or aziridination reactions.1a They were recently applied in a
metal-free imination to provide sulfondiimines, where
mechanochemical conditions proved less efficient than reac-
tions in MeCN.52 The same year, Sen & co-workers reported a

synthesis of N-sulfonyl amidines 29 by ball-milling cyclic
amines 30 with the iodine(III) reagents N-sulfonyl iminoiodi-
nanes 31 and 2-methyl-THF as LAG (Scheme 9).53 The sub-
strate scope included several types of heterocyclic amines,
giving C–N coupled products 29 in moderate to good yields.
The proposed mechanism is complex and involves a ring con-
traction step to provide the added carbon in 29, motivating the
need for 2 equiv. of amines 30. The method can be compared
with the previously reported DIB-mediated transformation in
acetonitrile, which has a large scope and similar yields.54

While the E-factors of the mechanochemical reactions are con-
siderably lower, they do not show the waste formed in the syn-
thesis of iminoiodinanes 31 from sulfonamides, DIB, and
KOH in methanol, which is not required in the solution-phase
reaction. A fair comparison would be based upon the entire
two-step process, but the E-factors for the synthesis of iminoio-
dinanes 31 cannot be calculated due to a lack of experimental
details.

Scheme 7 Oxidative fluorinations with fluorobenziodoxole 19.

Scheme 8 Regioselective sulfenylation of imidazothiazoles. a5 mmol
scale.

Scheme 9 Synthesis of N-sulfonyl amidines.
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5 Transfer of carbon ligands

Iodine(III) reagents with two carbon ligands are efficient
reagents for the transfer of a carbon ligand to a nucleophile
under metal-free or transition metal-catalyzed conditions. The
most common reagents are diaryliodonium salts, alkynyliodo-
nium salts, and vinyliodonium salts, as well as the cyclic
reagents ethynylbenziodoxolones (EBX), vinylbenziodoxolones
(VBX) and trifluoromethylbenziodoxol(on)es (called Togni’s
reagents).1a

5.1 Arylations

Diaryliodonium salts (Ar2IX) are efficient electrophilic aryla-
tion reagents under both transition metal-catalyzed and metal-
free conditions, and have found broad applications in solu-
tion-phase reactions.27 In 2020, Li and co-workers disclosed
the first mechanochemical reactions with Ar2IX, in which ary-
lation of anilines 30 with diaryliodonium triflates 31-OTf was
achieved by ball-milling either under copper-catalyzed or
metal-free conditions to provide diarylamines 32 (Scheme 10A,
methods A & B).55 Interestingly, both reaction setups utilized
silica gel as SAG, and the metal-free method also employed
water as LAG. Method A delivered slightly higher yields than
method B and could also be applied for the arylation of hetero-
cyclic amines in moderate yields. Aliphatic amines proved to
be poor substrates with both methods. Method A is also
superior in terms of E-factors, as method B requires excess
reagent usage and LAG.

While there are reports with limited scope for metal-free
arylation of anilines with Ar2IX in DMF or toluene,56 as well as
a Cu-catalyzed method in DCM/DMSO,57 those products do
not overlap with Li’s product scope,55 making a direct com-
parison unfeasible.

The groups of Iaroshenko and Mkrtchyan reported the
mechanochemical activation of trifluoroacetamides 33 to
achieve defluorinative arylation to amides 34 (Scheme 10B).58

Several aryl sources were suitable for this transformation
under ball-milling conditions, ranging from boronic acids and
siloxanes to dimethylsulfonium salts and Ar2IPF6 31-PF6. The
arylation required nickel-catalysis combined with stoichio-
metric amounts of lanthanide additive and B2pin2 to furnish
the products in moderate to high yields. A range of electronics
and sterics, as well as aliphatic amides, were tolerated. A large-
scale reaction was also demonstrated, providing 2.39 g of 34c.
Considering the many additives required for the reaction, the
associated E-factors are quite low. We did not find any equi-
valent reactions in solution, and the authors state that the
corresponding solution-phase reactions failed to produce the
target product. On the other hand, conventional amide coup-
ling methodologies to amides 34 may be more accessible than
the use of substrates 33.

Iaroshenko and co-workers subsequently developed a tri-
fluoromethoxylation protocol utilizing a combination of CoF2
and triphosgene to produce an OCF3 source in situ under ball-
milling conditions. This system was applied to a number of
different aryl sources, including Ar2IPF6 31-PF6 to produce 4

examples of products 35 (Scheme 10C).59 While there is no
solution-phase methodology for this reaction with hypervalent
iodine reagents to allow for comparison, there is a plethora of
methodologies to conduct this transformation.60

In 2019, Ito and co-workers pioneered the use of piezoelec-
tric materials to carry out mechanoredox methodologies with
redox-sensitive compounds, where aryldiazonium salts were

Scheme 10 Arylations with diaryliodonium salts. a10 mmol scale.
DABCO = (1,4-diazabicyclo[2.2.2]octane).
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utilized as an aryl radical source for arylation and borylation
reactions.61 In this sense, mechanical force from milling
causes a polarity within the material, similar to an excited
state of a photo-excitable material.6a Li and co-workers sub-
sequently showed that diaryliodonium triflates 31-OTf could
be used as an alternative aryl source in C–H arylation of qui-
noxalines 36 through a mechanoredox reaction with the piezo-
electric material BaTiO3 (Scheme 11A).62 Ball-milling efficien-
tly delivered products 37 in moderate to good yields.

The authors extended this strategy towards quinoxalinones
38, which delivered the corresponding products 39 in similar
yields (Scheme 11B).62 The E-factors for these reactions are
higher than for previous arylation examples due to the required
excess of piezoelectric material and triethylamine. However, the
BaTiO3 could be reused several times without marked loss of
activity. As there is no solution-phase method to generate the tar-
geted products, a comparison cannot be made.

Our group recently reported mechanochemical arylations of
a range of O-, S- and C-nucleophiles (Scheme 12).42 Using
known solution-phase methods as a starting point,63 we inves-
tigated the reactivity under ball-milling conditions in the pres-
ence of LAGs that were selected based on the GSK solvent
guide. Unsymmetric diaryliodonium salts (Ar1Ar2IOTf, 40)
were utilized to chemoselectively transfer the more electron-
poor aryl moiety, giving iodoanisole as waste.64

A LAG was imperative for arylations of phenols and alcohols
41, and ethyl acetate was hence used as a LAG in the synthesis
of aryl ethers 42 (Scheme 12A). The scope included a large-
scale synthesis of 42b in 89% yield. Arylation of S-nucleophiles
43 to products 44 required minimal amounts of a LAG, and
the green solvent cyclopentanone was selected for this purpose
(Scheme 12B). C-Arylations of nitroalkenes and other alkanes
with EWG (44) proceeded well without a LAG (Scheme 12C).

A range of electronics and sterics were tolerated on the
explored nucleophiles. Aryl groups decorated with electron-
withdrawing groups (EWGs) and/or ortho-substituents were
efficiently transferred, whereas electron-rich aryl groups wereScheme 11 Piezoelectric mechanoredox arylations.

Scheme 12 Transition-metal free arylations. 40 is drawn as an ion pair
as it is unsymmetric. a3.0 mmol scale with 0.45 mL LAG; bmilling time:
15 min with 41 and base, then 2 h after addition of 40; cwith chiral Ar2IX,
37% ee.
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more challenging.42 The article also contained a benchmark-
ing section where reported solution-phase methodology under
inert conditions63 was utilized to synthesize selected products
in the mechanochemical scope. Interestingly, yields were
similar under standard reaction conditions, whereas more
concentrated or neat reactions gave considerably lower yields,
indicating the importance of mechanochemical activation.42

The sustainability analysis highlights that the problematic
solvents THF, dimethoxyethane (DME) and MeCN were
avoided through the ball-milling approach, which instead used
small amounts of green solvents as LAGs. Furthermore, the
mechanochemical E-factors were consistently lower, ranging
from a 5- to 20-fold reduction in waste, signifying a much-
improved environmental footprint.

5.2 Alkynylations

Ethynylbenziodoxolones (EBX) are commonly used as electro-
philic alkynylation reagents, often allowing for more chemo-
selective and predictive reactions than alkynyl(aryl)iodo-nium
salts due to the stabilizing benziodoxolone core.1a Waser and
co-workers have popularized EBX chemistry under both tran-
sition metal-catalyzed and metal-free conditions, including the
gold-catalyzed C–H alkynylation of indole derivatives.65 The
C2-selective alkynylation of indoles with EBX has been
reported under Rh- or Co-catalyzed inert conditions.66

Bolm and co-workers developed mechanochemical versions of
these transformations using two different transition metal-cata-
lyzed systems to achieve C3- or C2-selective alkynylation under
ball-milling conditions.67 Following Waser’s precedent in solu-
tion-phase,65a indoles 47 were regioselectively alkynylated with
TIPS-EBX 48 to yield products 49 using AuCl as catalyst
(Scheme 13A). The reaction proceeded well with both NH- and
N-alkyl indoles, and a C3-methylated substrate was instead alky-
nylated in the C2 position, following Waser’s observations.

To reach a general method for C2 alkynylation, a Rh-catalyzed
method was developed for N-pyrimidyl indoles 50 (Scheme 13B).
The reaction occurred within one hour, and the scope of 51
includes a variety of substituted indoles, although EWG-deco-
rated indoles were formed in lower yield. Silylated EBX as well as
alkyl-EBX reagents were tolerated in the reaction.

While solution-based methods work well for both types of
alkynylation,65a,66 the catalyst loadings and the reaction times
were reduced in the mechanochemical setup. Furthermore, it
avoids the handling of the hazardous solvents diethyl ether,
DCE and TFE, and does not require inert conditions. The cal-
culated E-factors for the ball-milling method are excellent and
dramatically improved compared to the solution-phase reac-
tions, signifying a greener and more resource-efficient process.

5.3 Synthesis of alkenes

Vinylbenziodoxolones (VBX) and vinylbenziodoxoles (VBO)
were recently demonstrated as electrophilic vinylation reagents
under both transition metal-free and transition metal-cata-
lyzed conditions.68 They offer more tunable reactivity than
acyclic vinyl(aryl)iodonium salts, and the three reagent types
can be screened to fine-tune the reactivity in vinylations.

We investigated the vinylation of S- and C-nucleophiles
under ball-milling conditions, and found that VBX 52 was suit-
able for the S-vinylation of thiols to give products 54
(Scheme 14A). Vinyliodonium salts 53 were preferred in the
C-vinylation of nitroalkenes and β-ketoesters to yield products
55, here exemplified with the synthesis of 55a on both small
and large scales (Scheme 14B).42

The corresponding solution-phase vinylations require inert
conditions in anhydrous THF and give similar or lower
yields.68a,69 The E-factors in solution are very high, which
further highlights the benefits of the mechanochemical
transformation.

VBX compounds with a β-heteroatom substituent (X-VBX)
are formed through β-addition of various heteroatom nucleo-
philes to EBX. This transformation was demonstrated in solu-
tion-phase by Waser and co-workers,70 and Yoshikai’s group
developed the corresponding transformation from ethynylben-
ziodoxoles (EBO) to yield X-VBO.71 This type of reactivity was
unexplored under mechanochemical conditions, which
inspired our group to embark upon the investigation depicted
in Scheme 15A.72 A wide variety of N- and O-nucleophiles

Scheme 13 Transition metal-catalyzed alkynylations with EBX. aAuCl
3.0 mol%.
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underwent efficient addition to EBX 56 under ball-milling con-
ditions when ethyl acetate was utilized as LAG. Reactions with
electron-rich nucleophiles proceeded smoothly in a 1.5 mL
vessel, whereas weaker nucleophiles required a 5 mL vessel
with a larger ball to ensure sufficient reactivity. S-Nucleophiles
were too reactive in reactions with EBX, resulting in byproduct
formation. Reactions with EBO 57 were, on the other hand,
selective for mono-addition, and yielded a range of S-VBO pro-
ducts (exemplified by 58d) with methanol as LAG.

A one-pot reaction combining the synthesis of X-VBX/VBO
58 with a subsequent S-vinylation to reach bis(hetero)-substi-
tuted Z-alkenes 59 was subsequently developed
(Scheme 15B).72 A large scope was demonstrated by variation
of the first nucleophile and the thiol, and moderate to excel-
lent yields of 59 were obtained within 2–4 hours of ball-
milling.

Comparing the first method with solution-phase method-
ology69 highlights that improved yields and E-factors were
obtained under mechanochemical conditions, while the major
influence on the solution-phase E-factor originates from the
use of sustainable solvent ethanol. The one-pot reaction for
the synthesis of alkenes 59 was also evaluated in the solution-
phase, but failed under a range of conditions, which is likely
due to the mismatch of solvents reported for the separate
steps (EtOH vs. dry, degassed THF). To the contrary, the ball-
milling method is fast, clean, and high yielding, illustrating
the utility of mechanochemistry in organic synthesis.

6 Conclusions and outlook

The combination of mechanochemistry with hypervalent
iodine chemistry has been investigated in a wide range of reac-
tions. In this critical review, we highlighted several mechano-
chemical iodine(III) reactions where solution-phase reactions
either fail or give different types of products. We also com-
pared the reactivity between mechanochemical and solution-
phase reactions when possible, and evaluated the methods
from a sustainability perspective. We found that the calculated
E-factors for solution-phase reactions were often dominated by
solvent contributions, and moderate to great improvements in
the waste profiles were observed under mechanochemical con-
ditions. Furthermore, mechanochemical reactions avoid a
range of hazardous reaction solvents and inert conditions that
are required in the solution phase.

Mechanochemical activation of hypervalent iodine com-
pounds holds the potential to open a new and more sustain-
able era of hypervalent iodine research, with novel reactivity to
be discovered. Challenges of this growing research field
include that the high energy environment can lead to leaching
of trace metals from the reaction vessels, requiring careful
control over reaction materials.73 While transfer of the crude
reaction from the reaction vessel can be difficult and require
solvent in small scale reactions, such issues can be better
handled at large scale. The development of large-scale or
industrial processes could also allow alternative workup and

Scheme 14 Transition metal-free vinylations with VBX. a0.2 mmol scale
with LAG. b3.0 mmol scale, milling time: 15 + 10 min.

Scheme 15 Synthesis of X-VBX/VBO and one-pot synthesis of complex
alkenes.
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purification procedures, further amplifying sustainability
benefits. We have highlighted a handful of up-scaled mechan-
ochemical reactions in the review, but further investigations
are needed, especially considering that up-scaling of hyperva-
lent iodine reactions needs to be done with care both in solu-
tion and in the solid phase.74

To conclude, we believe that the demonstrated possibilities
to reach different reaction pathways, or to develop one-pot
reactions for systems that cannot be combined in solution, can
be key to new discoveries in hypervalent iodine chemistry as
well as in other parts of organic synthesis and catalysis.
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