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1. Hypervalent iodine reactions are popular in synthesis, as their reactions often display high selectivity under mild reaction
conditions, without need for inert conditions or transition metal catalysts. The low-toxic and stable nature of these compounds
is attractive, but the sustainability profile is hampered by the need for solvents that often are 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 corresponding solution-phase reactions, highlighting sustainability benefits as well as novel
reactivity, providing guidance to readers on which reaction setups that 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(Ill) reactions, providing further insight on
sustainable organic synthesis.
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Reactivity under mechanochemical conditions: A new and more
sustainable era for hypervalent iodine?
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Hypervalent iodine reagents can mediate or catalyze a wide variety of organic reactions, and have hence become important

DOI: 10.1039/x0xx00000x

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 shortening reaction times, this critical review provides a

sustainability comparison of mechanochemical and solution-phase reactions with iodine(Ill) compounds. The sustainability

profiles were evaluated by comparing reaction 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 sustainability 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(lll) reactions in
comparison to the corresponding 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(lll) 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
application areas ranging from organic synthesis to polymer
chemistry.! Hypervalent iodine reagents are generally bench-
stable, display low toxicity, and do not require inert reaction
conditions, which are beneficial properties from a sustainability
point of view. Drawbacks of this type of chemistry include the
production of stoichiometric iodoarene (Arl) waste, and the
common use of hazardous solvents both for reagent synthesis
and use.12 1b

While the stoichiometric Arl waste can in some cases be
avoided through the development of catalytic reactions,? the
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Supplementary Information available: method description and E-factor calculations.

See DOI: 10.1039/x0xx00000x

solvent use remains problematic. Due to the polarized structure
of common hypervalent iodine reagents (Figure 1), solubility
can be challenging.? Beyond the polymeric structures PhlO and
2-iodoxybenzoic acid (IBX), also (diacetoxyiodo)benzene (DIB),
[hydroxy(tosyloxy)iodo]benzene (HTIB), many iodonium salts,
and benziodoxolones 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 frequently executed in the
halogenated solvents dichloromethane (DCM), dichloroethane
(DCE), chloroform, trifluoroethanol (TFE) and hexafluoro-
isopropanol (HFIP). Other solvents are dimethylformamide
(DMF), tetrahydrofuran (THF) and rarely diethyl ether.!2
Common solvent sustainability guides categorize all of these as
“Red — major issues/hazardous”,* except for HFIP, which has not
been evaluated in the guides but has a toxicity profile similar to
that of TFE.>

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

Pioneering studies combining mechanochemistry with
synthetic organic chemistry have demonstrated that
mechanochemical 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 selectivity.® 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,” and the
combination 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
mechanochemistry with hypervalent iodine chemistry is
illustrated by several recent reports focusing on novel reactions
that are unreported in solution.

lodine(lll) compounds

-0+

O

lodoscbenzene (Diacetoxyiodo)- [Bis(trifluoroacetoxy)- [Hydroxy(tosyloxy)-
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Figure 1. Common hypervalent iodine reagents. Ts = p-toluenesulfonyl.

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(lll) reactions, we have performed a
analysis, the
reactions to the corresponding solution-phase methods. The

sustainability comparing mechanochemical
latter were selected to be as similar as possible to the
mechanochemical reactions and refer only to transformations

using hypervalent iodine reagents. The comparison includes

2| J. Name., 2012, 00, 1-3
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yields for selected products, a sustainability assessment.ofthe
toxicity of the reaction solvent vs LAG bSIhg #RE9ERKSoIVERT
guide,*® and waste formation quantified using E-factors.® 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,®
both to focus on the reactivity differences between
mechanochemistry 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.

Many methods have been demonstrated across a broader
substrate range in solution, and later with a smaller
mechanochemical 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
limitations of the methods.

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

2.2 Mechanochemical iodine(lll) reactions

DIB is often utilized both as a substrate in the synthesis of more
complex iodine(lll) reagents, and as a potent oxidant.!@ 10 |n this
fashion, the synthesis of oligomeric iodosobenzene sulfate
(Phl0O)3-SO3 was initiated by grinding DIB with NaHSO4 in a
mortar, followed by stirring in water.® Early reports from Ando
and co-workers detailed that pulverization of iodosobenzene
and HCl-treated silica gel in a mortar provided an oxidative
chlorinating reagent, presumably PhI(OH)CI, which was utilized
in-situ for reactions with alkenes and sulfides.®

DIB was also utilized in halogenation of arenes through
grinding with NaCl, NaBr or 15, and in the synthesis of
oxadiazoles from acylhydrazones.'? Wang and co-workers
described aminohalogenation of the alkene moiety of a,f3-
unsaturated ketones through ball-milling with DIB in the
presence of chloramine-T (TsNCINa) or N-bromosuccinimide
(NBS, Scheme 1A).%3 Furthermore, fused N-heterocycles could
be halogenated or thiocyanated by grinding with DIB and the
corresponding alkali metal or ammonium salt.'*

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).»> 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-quinolylhydrazones, were
realized.’® The DIB-mediated cyclization of chalcone oximes
gave diarylisoxazoles through grinding with DIB,Y” and
benzothiazoles were synthesized from 2-aminothiophenols and
aldehydes, using DIB or PIFA (Scheme 1C).18

This journal is © The Royal Society of Chemistry 20xx
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Mal and co-workers reported a DIB-mediated oxidative
amidation of aryl aldehydes and benzylamines, with sodium
bisulfate added to control the reactivity of this otherwise
explosive combination (Scheme 1D).1° Alkynyl- and vinyl
selenides were synthesized by grinding DIB with carboxylic acids
and diaryldiselenides, resulting in a selenodicarboxylation.?°

There are several reports on multicomponent reactions
utilizing an iodine(lll) reagent under mechanochemical
conditions. Wang and co-workers demonstrated an elegant
synthesis of dihydropyrroles through a sequential ball-milling
reaction of amines, alkyne esters and chalcones, promoted by
iodine and DIB.?! Likewise, a multicomponent reaction with
dihydrazinopyridazines and aromatic aldehydes vyielded
bistriazolopyridazines 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
solution-phase reaction.

Transition metal-catalyzed reactions with DIB as oxidant are
common in solution!? ' 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).?* 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.?® Finally, a recent paper utilized DIB as a Lewis acid in
a pestle and mortar-activated Pictet-Spengler-type reactions.?®

DIB (0.5 or 0.75 equiv) and
o TsNCINa 3 H,0 (2.0 equiv) or X 0
Rr\)LRQ TsNH; (2.0 equiv), NBS (1.5 equiv) R"\)LRZ

& 90 min, 30 Hz
(0.1-0.2 mmol) X =Cl,Br

B ................................................................................................
: ' R &
PIFA (2.0 equiv
Ny N + NaNO; i b Ny
| P Pestle & mortar | N NO
: 30 min Z 2
(0.5 mmol) (2.0 equiv)
c ................................................................................................
SH o DIB or PIFA (1.2 equiv) s
Cr, + Cro+
NH, R Pestle & mortar N
(1.0mmol) (1.0 equiv) EREn
D ------------------------------------------------------------------------------------------------
o) DIB (2.0 equiv) 0
I NaHSO4 (2.0 equiv)
AP+ HNTR : Ar)LNAR
(0.54 mmol) (1.1 equiv) & A2l He
E ................................................................................................
PdCl, (10 mol%)
<, -OMe AgNO; (1.0 equiv)
N ) %, .OMe
@A A DIB (1.5 equiv) N
OR

. 10 Hz
(1.0 mmol)  (2.0-3.0 equiv) & 5*30 min with breaks

Scheme 1. Examples of mechanochemical iodine(lll) reactions.

This journal is © The Royal Society of Chemistry 20xx

Diaryliodonium salts (Ar.IX) are frequently used gither,as
efficient arylation reagents?’ (see SectioRGl: 10 ¢ ReyCradicA
initiators in polymerization reactions.' Recently, Golder and co-
workers demonstrated that Ph;IPFs could be used under
mechanoredox catalysis with the piezoelectric catalyst BaTiOs
for free-radical polymerization (FRP) or reversible addition-
fragmentation chain transfer (RAFT) polymerization to provide
poly(meth)acrylates.?®

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.?®
Mechanochemical oxidation was efficient in a variety of
reactions, including alcohol and amine oxidations to the
corresponding aldehydes, ketones, or imines, as well as the
one-pot synthesis of benzimidazoles, dithiane deprotection,
and o-haloketone synthesis from olefins (Scheme 2A).2°
Furthermore, the stoichiometric iodine(lll) waste, 2-
iodosobenzoic 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
aldehydes and IBX to form quinazolinones (Scheme 2B).3° IBX
was also found to be the best oxidant in a mechanochemical
synthesis of azo-based polymers.3!

S S R R R A AR s R RT3
iH or AR (1,‘1-1I.3)fequiv) ‘i A SN R
——— or r
RYR? &21Hz RTF
(scale not given) 0: 0.75-3 h; N: 15-45 min
B ------------------------------------------------------------------------------------------------
o IBX (1.1 equiv) (0]
o] Silica gel (0-60 m
N v gel { 9 d/NKH
R & 1545h, 21 Hz N" R
NH, s
(0.44 mmol) (1.0 equiv)

c ------------------------------------------------------------------------------------------------
N\ /=R® Hsl0g (6.0 equiv) o =R
S = N\ 7N\ \_#

R! & 57h,25Hz ri=" %
(0.34 mmol)

Scheme 2. Examples of mechanochemical iodine(V) and iodine(VIl) reactions.

2.4 Mechanochemical iodine(VIl) reactions

The inorganic iodine(VIl) reagent periodic acid (HslOg) was
demonstrated to be an efficient and divergent oxidant for
polycyclic aromatic hydrocarbons, providing C-H oxidation
under mechanochemical conditions and C-H iodination in
solution.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(lll)

compounds, as well as providing a critical sustainability

J. Name., 2013, 00, 1-3 | 3
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comparison  with the corresponding
methodologies, where they exist.

solution-phase

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.12

DIB and HTIB are often used as substrates in ligand
exchanges to reach more complex iodine(lll) reagents in
solution.!@ 10 |n 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,’? classified as
“Amber” by the GSK solvent guide, and proceeds in similarly
high yields.3> As the reported reaction scales are much larger
than the mechanochemical ones, E-factor comparisons offer
limited insight.> 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 structurally
similar to HTIB, bearing a phosphate ligand in lieu of a tosylate.
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).3¢ The
corresponding reaction can be performed in aqueous
acetonitrile with similar efficiency.3” While direct comparison of
E-factors is precluded due to the differences in reported
reaction scale,® 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
performed in a glove-box and applied to a broad scope of
arenes 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 6¢ in 92% yield. The mechanochemical setup is
attractive due to both the shorter reaction times and the

4 are

excellent E-factors, which are 5-9 times lower than in solution.

4, Oxidative reactions

lodine(lll) compounds with two heteroatom ligands on iodine
are widely employed oxidants under transition metal-free or
transition metal-catalyzed solution-phase conditions.!a 1b
Reactions commonly employ DIB (1a), PIFA (9) or HTIB (3a), and
sometimes involve direct ligand transfer from iodine(lll) to the

4| J. Name., 2012, 00, 1-3
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substrate. Section 4 describes selected mechanochemical
methods, including sustainability coripParisGR8/DHEROEHR
corresponding solution-phase methods.

A ------------------------------------------------------------------------------------------------
AcO—|—0Ac ﬂ Ho_l_0302R2
= + R-S—OH ——————
R | il Pestle & mortar 1]
o 10 min X
1 (0.57 mmol) 2 (1.0 equiv) 3
HO—|—0Ts HO—|—OMs HO—|—0Cs HO—|—0Ts
3a (HTIB) 3b 3c ‘ 3d
& 93%, 0.4 98%, 0.4 91%, 0.4 77%, 0.7
& 9% 87% 80% 74%
é Solution solvent é &) M-Chem LAG &
MeCN None
B ................................................................................................
AcO—|—0Ac |0| HO—|—OPO(OR?),
i RZO—FI'—OH —'-P mo— R |
= OR? est g mir:onar =
1 (0.57 mmol) 5 (1.0 equiv) 4
HO—|—OPO(OPh), HO—I—OPO(OBn), HO—|—OPO(OPh),
4a 4b cl 4c
&) 87%, 0.4 86%, 0.4 98%, 0.2
A 90% 88% -
& solution soivent & @ M-ChemLAG &
MeCN None
C ................................................................................................
TfO-|—0 ¢ HY——o
CF; + @—H R2= CF4
CF3 RA= & 2h,30Hz CF3
8 (0.2 mmol) 7 (1.5 equiv) 6
OMe
‘o——?fl—o - —O Me0~< §>_I o
3 CF, CF3
O s :g YR (YW
6a 6b 6¢c
0 o, 89%, 0.6
&  70%, 1.1 89%, 0.6 il ol
& 77%53 83%, 5.6 84%, 4.7
é Solution solvent é & M-Chem LAG &
MeCN None

Scheme 3. Mechanochemical ligand exchange reactions. ® 2 mmol scale. Ms =
methanesulfonyl; Cs = (1R)-10-camphorsulfonyl; Tf = trifluoromethylsulfonyl.

4.1 Tosyloxylation

Carbonyl compounds readily undergo «-oxidation upon
treatment with various iodine(lll) compounds, with o-
tosyloxylations using HTIB as the most well-known

transformation. This reactivity is well-established under inert
conditions in solution, either utilizing stoichiometric amounts of
iodine(lll) or combining catalytic amounts of iodoarene with a
stoichiometric oxidant such as mCPBA.12 39

This journal is © The Royal Society of Chemistry 20xx
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In 2005, Yusubov and Wirth demonstrated the first
mechanochemical a-sulfonyloxylation of carbonyl compounds
10 to yield products 11 (Scheme 4A).3* The reactions were
performed 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 vyields. Reactions performed in acetonitrile
required increased temperatures to access such products,*®
which is unfeasible through simple grinding, highlighting 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.

A Heeeereeesenerenee e e s e s
0
HO—I—0Ts o)
3 H
R R + Ph or — R1JJS<R3
R 10  DIB+TsOH-H,0 Festie & mortar R2 OTs 11
20 min
O 0 O O o] 0]
PhuPh )\(l‘k OTs EI&OTS
OTs OTs
Ma 11b e 11d
&) 84% 90% 50% 32%
é 93%, 12.1 96%, 20.0 89%, 35.0 77%, 19.2
é Solution solvent é & M-Chem LAG &
MeCN None
B ------------------------------------------------------------------------------------------------
J?\S\‘S’P ,+ Ho—|—oTs R
R’ R? Ph Pestle & mortar R “R?
4-10 min OTs
10 (0.32 mmol)  3a (1.1 equiv) "
00
o) 0\\S 0 0 q\s 0 0 0“5 0 .0
Ph “Ph “Ph ‘Ph
OTs OTs al OTs OTs
11e 11f 1g 11h
& 94%, 0.7 94%, 0.7 90%, 0.7 72%,1.3
é no solution-phase method reported
é Solution solvent 6 &) M-Chem LAG &
- None
c ------------------------------------------------------------------------------------------------
o Arl 12 (20 mol%) P L
mCPBA (1.0 equiv) : :
R1J-krR3 TsOH-H,0 (1.0 equiv) R1J'§<R3 : i
R? HFIP (90-120 L) AL
10 (0.3 mmol) & 5- 30 min, 25 Hz g
0 0 0 0 o 0 0
COQME
Ph)H)L Ph Ph)J\Hk e OTs OTs
OTs OTs -
11a 11i 11j 11d 11k
D 77%211 69%,36 87%,25  41%09.8 74%.2 4.9
é no catalytic method reported 81%, 34.2 85%, 25.7

é Solution solvent é & M-Chem LAG &

MeCN HFIP

Scheme 4. o-Tosyloxylation of carbonyl compounds.  No HFIP added. © 1.5 equiv. mCPBA
and tosic acid, preheated vessel.

This journal is © The Royal Society of Chemistry 20xx

Varma and co-workers subsequently extended.othe
mechanochemical tosyloxylation scopelfd: 1R¢RiAEOtheOFFEMR
synthesis of oa-tosyloxy B-keto sulfones 1le-11h from HTIB
(Scheme 4B).*! 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
constitutes the only synthesis of a.-tosyloxy B-keto sulfones, and
the low E-factors demonstrate a minimal
footprint.

Recently, our group investigated the efficiency of a range of
iodine(lll) 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-dimethyl-
iodobenzene (12), with mCPBA and tosic acid as stoichiometric
reagents and HFIP as LAG (Scheme 4C).*> While catalytic
iodine(lll) reactions are prevalent in solution, this report
constitutes the first example of a catalytic system with
hypervalent iodine under mechanochemical conditions,
highlighting that fast oxidation from iodine(l) to iodine(lll) is
feasible 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
overcome the limitations observed with less reactive substrates
in the pestle and mortar reaction in Scheme 4A.

Comparison to solution-phase results for the catalytic
reaction can only be performed for 11d and 11k, due to differing
product scopes. Both products showcase considerably lower 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) should be compared to solution-
phase reactions in acetonitrile (10 mL/mmol), 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(lll) method in Scheme 4A, as
illustrated by products 11a (77% vs 84%) and 11c (41% vs 32%).
Though the E-factors of individual tosyloxylations may be lower
for reactions using stoichiometric iodine(lll), the waste
generated during reagent synthesis is not considered 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
unreported.

environmental

remain

4.2 Oxidative rearrangement

Yu and co-workers reported the synthesis of a,B-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
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additional two hours until complete conversion of 14 was
observed. This highlights that, while mechanochemical
activation 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
guide* 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.

O NHR?  AcO—|—OAc Axg 9
R1MSR3 * Ph —> R! NHR2

Neat stirring SR3

14 (0.5 mmol) 1a (1.2 equiv) 5 min 13

AcO_ -NHBn gNHg)NHBn dN) ¥ph

13d
& 73% 17 80%, 1.3 73%, 1.6 85%, 1.2
é 72%, 53.2 86%, 40.3 82%, 41.7 84%, 42.0
é Solution solvent é C% M-Chem LAG &;
DCE None

Scheme 5. DIB-mediated synthesis of conjugated amides.

4.3 Oxidative functionalization of alkenes

Mechanosynthesis can proceed via pathways distinct from
conventional solution-phase methods, giving access to products
with different regio- or stereoselectivity. The groups of Yeung
and Ke demonstrated that the mechanochemical dioxygenation
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).%* 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 dichloromethane
(DCM) under reflux afforded the 1,2-diol 16 as sole product.*®
Mechanistic studies suggest that strong mechanical impact
forces may induce dimerization of PIFA, thereby reducing the
concentration of the active monomeric species and promoting
an intramolecular cascade reaction between olefins to furnish
the 1,3-disubstituted product. In
trifluoroacetate anions may instead selectively favor a direct
substitution mechanism, thus following the conventional
dioxygenation pathway to selectively give 1,2-diols.**

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
synthetic through the direct
dioxygenation of styrenes, whereas conventional solution-
phase routes to 1,3-diols require several steps.*®

solution, dissociated

novel route to 1,3-diols
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A mechanochemical 1,4-iodohydroxylation strategy owas
also developed by treating styrenes 14 withl PIFA03%® prol&etii §F
iodine under ball-milling conditions with silica as solid-assisted
grinding agent (SAG).** 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
accurately calculate E-factors, this protocol remains the only
reported route to access these novel products.

/| TeTIRTIseS AN AR e s e AR R AR SRS RRSI RS SRR IS BRSNS R AR RS AR SRR SRS SRR R0
F3CC0;—I—0,CCF;
1) Ph 9 (1.0 mmol) At _OH Ar_ _OH
& 1h,30Hz T
AT OH OH
2) NH3 (7N in MeOH, 10 equiv) " Selosh
5 d t
14 (2.2 equiv) é 30 min, 0-23 °C pro uc
MeO
OH OH OH
CI
15a 15b 15d
& 4%, 10.4 58%, 9.5 35%,a 15.9 73%,2 7.6
6 solution-phase reactions give diol 16
é Solution solvent é & M-Chem LAG &
None
[B *rreeeeeesere e AR e e e
1) PIFA 9 (1.0 mmol),
I, (1.0 equiv), Silica (1g)  Ar | Ar\l/\I
& 1.5h,30Hz OH OH
ArT H ;
2) NH; (7N in MeOH), DCM Ar Z‘?gg{ﬁ;
4 (6.0 equiv) & 30 min, 0-23°C 18
O.N ! :
OH : H A ~OH
NOZ F al
17a 17b 17¢c 17d
38% 58% 46% 48%
é solution-phase reactions give iodoalcohol 18
é Solution solvent é & M-Chem LAG &
None

Scheme 6. PIFA-mediated oxidative dimerizations of alkene. ¢ 3.0 equiv of 14.

Hypervalent iodine reagents are frequently employed in
fluorinations to reach pharmaceutically relevant characteristics,
such as increased metabolic stability and potency in medicines.
In this vein, the groups of Stuart and Browne reported a
mechanochemical fluorocyclization of functionalized alkenes
via ball-milling.*” Fluoroiodoxole 19 was employed as a fluorine
source in reactions with alkenyl hydrazones 20 to yield 5-fluoro-

This journal is © The Royal Society of Chemistry 20xx
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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 mechanochemical protocol affords much-
improved E-factors through an 8-fold reduction of toxic HFIP.

B S R RSB R R
s T
A N HFIP (52 L) N.NS
|
R/K)J\ & 15 min, 30 Hz R)'\j\-p
20 (0.25 mmol) 19 (1.5 equiv) 21

T I° I Ts
N'N N‘N N.N N_N
I = | F I F | E
21a 21b MeO 21¢ 21d

(2) 91%, 2.4

89%, 2.4 91%, 2.2 76%, 2.9
& 99%, 9.8 92%, 10.2 90%, 10.0 80%, 16.2
é Solution solvent é &; M-Chem LAG &
HFIP HFIP
AgBF4 (2.0 equiv)
DCM (80 piL) N©
1h,30H !
& 1h,30Hz RJ\JTF

22 (0.25 mmol)

19 (1.5 equiv)

@**@’*@’*@w’*

& 74%, 8.9

80%, 7.1 78%, 7.1 61%, 9.6
& 46%, 192  53%, 144 42%, 18.1 2
é Solution solvent é & M-Chem LAG &
DCM DCM
F
M HFIP (130 pL) R/\,tj./\:O
& 1h,30Hz L
24 (0.25 mmol) 19 (1.5 equw) 25
F F F
8] F O F
25a 25b 25¢ 25d
& 96%, 6.7 88%, 5.5 73%, 8.5 84%, 6.7
84%, 38.0 81%, 39.6 66%, 48.5 .
é Solution solvent é & M-Chem LAG &)
HFIP HFIP

Scheme 7. Oxidative fluorinations with fluorobenziodoxole 19.

In a similar fashion, treatment of alkenyl oximes 22 with
fluoroiodoxole 19 produced 5-fluorodihydrooxazines 23 with
DCM as LAG (Scheme 7B).*” Notably, mechanochemical
activation afforded higher yields than conventional synthesis in
DCM due to suppressed side-product formation.*” The
mechanochemical E-factors are comparatively high due to the
use of excess AgBF, as reaction additive. However, the use of

This journal is © The Royal Society of Chemistry 20xx

DCM is markedly reduced, along with the enpvirenmental
footprint of the reaction. DOI: 10.1039/D6GC003678

Finally, the authors reported an intramolecular fluoro-
lactonization protocol under ball-milling conditions, using HFIP
as LAG (Scheme 7C).*” Fluoroiodoxole 19 was applied to
unsaturated carboxylic acids 24 to furnish y- and 6-lactones 25.
Compared to their previously reported solution-based method
in HFIP solvent,*® 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 indicative of a more
sustainable process by mechanochemistry.

4.4 Oxidative sulfenylation

Sulfenylation of imidazothiazoles and related scaffolds is
frequently copper-catalyzed and often involves harmful
solvents such as DMF, elevated temperatures, and long reaction
times.*® In 2025, Hamze and co-workers developed a PIFA-
mediated mechanochemical route towards the regioselective
C5-sulfenylation of imidazothiazoles.*® For this purpose,
imidazo[2,1-b]thiazoles 26 were ground with aryl methyl
sulfides 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(lll)-S(Me)Ar
intermediate that is attacked by the imidazothiazole, whereas
related methods proposed radical mechanisms.>! The authors
compared the environmental impact of their method to
performing 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.

3 3 X
R R\\ PIFAS N \/k + ,L
N/sz E‘j\ (1.1equiv) g
{ J= i N’S—R2
g~ N 30 min Z‘ Ph— l
X=C,N 30 Hz 0,CCFs
26 (0.50 mmal) 27 (1.1 equiv) 28 Intermediate

Q @ e
‘\r@ Mrph

@,Br

28a 28b
& 80%, 1.8 76%, 2.9 65%, 2.7 53%, 3.8
68%,92.3
é 80%, 12.8 not reported in solution-phase
& solution Solvent & @ M-Chem LAG &

MeCN None

Scheme 8. Regioselective sulfenylation of imidazothiazoles. 5 mmol scale.

4.5 Reactions with iodonium sulfonimides

lodonium sulfonimides (PhINSO;R) are iodine(lll) reagents
commonly used in nitrogen-transfer reactions, e.g., imination or
aziridination reactions.'? They were recently applied in a metal-
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free imination to provide sulfondiimines, where mechano-
chemical conditions proved less efficient than reactions in
MeCN.>2 The same year, Sen & co-workers reported a synthesis
of N-sulfonyl amidines 29 by ball-milling cyclic amines 30 with
the iodine(lll) reagents N-sulfonyl iminoiodinanes 31 and 2-
methyl-THF as LAG (Scheme 9).>3 The substrate 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 contraction 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.>* While the E-factors of the
mechanochemical reactions are considerably lower, they do not
show the waste formed in the synthesis 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 iminoiodinanes 31 cannot be
calculated due to a lack of experimental details.

3O
PhIN-S, R
O 31 (0.2 mmol) o
T S;

=, 8 2-MeTHF (36-37 pL)

X=0,5,N & 3h,30Hz :
30 (2.0 equiv) 29

OK\N’\\N‘S"O I/\N’\\N%‘g’@/
Koot o} s _J o

NH
X

BocN, _J o
29a 29b 29¢
& 75%, 26 78%, 2.3 47%, 3.8
& 66%, 307 70%, 26.0
é Solution solvent é & M-Chem LAG &

MeCN 2-Me-THF

Scheme 9. Synthesis of N-sulfonyl amidines.

5. Transfer of carbon ligands

lodine(lll) 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, alkynyl-
iodonium salts, and vinyliodonium salts, as well as the cyclic
reagents ethynylbenziodoxolones (EBX), vinylbenziodoxolones
(VBX) and trifluoromethylbenziodoxol(on)es (called Togni’s
reagents).1?

5.1 Arylations

Diaryliodonium salts (Ar.IX) are efficient electrophilic arylation
reagents under both transition metal-catalyzed and metal-free
conditions, and have found broad applications in solution-phase
reactions.?’ In 2020, Li and co-workers disclosed the first
mechanochemical reactions with Ar,IX, in which arylation of
anilines 30 with diaryliodonium triflates 31-OTf was achieved by
ball-milling either under copper-catalyzed or metal-free

8 | J. Name., 2012, 00, 1-3

Journal Name

conditions to provide diarylamines 32 (Scheme 104, methods,A
& B).5% Interestingly, both reaction setup®utiiZ&d/Sifics EE0a3
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 heterocyclic 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.

A D T T PP PP
Method A:
B Cul (10 mol%), Na,COjz (1.0 equiv)
— Silica gel (0.5 g)
s
\ /o & 20 min, 15 Hz Ar’k] ~
Ar—NH, + X >
il | 3R Method B: /7
KHCO; (1.0 equiv) R
30 31-OTf Silica gel (0.5 g), HzO (200 pL) 32
(1.0 mmol) (A: 1.2 equiv) & 30 min. 10 H
(B: 2.0 equiv) UL
C§_NH F-@—NH MeO />—NH NH ClI
32d
& A: 86%, 6.6 65%, 8.8 51%, 10.9 35%,18.6  74%, 7.7
B: 78%, 10.9  55%, 15.5 47%, 17.4 - 69%, 12.5
é not reported in solution-phase with AralX
é Solution solvent é & M-Chem LAG &
A: None; B: H,O
B ................................................................

Nil, (10 mol%)
cucurbit[6]uril (10 mol%)

R — Dy.0; (1.0 equiv)
JL R Q—I—FPFs Bapin; (1.3 equiv) e 2o
F4C H . @ X DABCO (1.4 equiv) @)LNR
TR
& & 1.5h,30 Hz Z
33 (1.0 mmol) 31-PFg 34

(0.7 equiv)

c%ju @jN@\CFz (23*”\%0

34a
&  70%, 6.4

57%, 8.8 81%, 5.2
74%,2 5.8
é no solution-phase method reported
é Solution solvent é & M-Chem LAG &
None
c -----------------------------------
R cofooc'::f:l(;'a(giuw) iv)
i 3)2 (U.4 equiv,
\_/ I~ FFFs MeCN (200 mL) @OC&
e » RpL
LR & 15h,15-30 Hz X
31-PFg (1.0 mmol) 35
/@,oca QOCFs OCF; OCF,
cl MeO @ /Y\
OMe F
35a 35b 35¢ 35d
O  68%, 6.1 64%, 6.6 62%, 6.9 62%, 7.2
é no solution-phase method reported
é Solution solvent é & M-Chem LAG &
MeCN
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Scheme 10. Arylations with diaryliodonium salts. ¢ 10 mmol scale. DABCO = (1,4-
diazabicyclo[2.2.2]octane).

While there are reports with limited scope for metal-free
arylation of anilines with Ar,IX in DMF or toluene,>® as well as a
Cu-catalyzed method in DCM/DMSO,>” those products do not
overlap with Li’s product scope,>> making a direct comparison
unfeasible.

The groups of laroshenko and Mkrtchyan reported the
mechanochemical activation of trifluoroacetamides 33 to
achieve defluorinative arylation to amides 34 (Scheme 10B).>®
Several aryl sources were suitable for this transformation under
ball-milling conditions, ranging from boronic acids and siloxanes
to dimethylsulfonium salts and Ar;IPFs 31-PFe. The arylation
required nickel-catalysis combined with stoichiometric
amounts of lanthanide additive and Bpin, 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
equivalent 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 coupling
methodologies to amides 34 may be more accessible than the
use of substrates 33.

laroshenko and co-workers subsequently developed a
trifluoromethoxylation protocol utilizing a combination of CoF,
and triphosgene to produce an OCFz source in-situ under ball-
milling conditions. This system was applied to a number of
different aryl sources, including Ar.IPFs 31-PFg to produce 4
examples of products 35 (Scheme 10C).>® 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.®®

In 2019, Ito and co-workers pioneered the use of
piezoelectric materials to carry out mechanoredox
methodologies with redox-sensitive compounds, where

aryldiazonium salts were utilized as an aryl radical source for
arylation and borylation reactions.®! In this sense, mechanical
force from milling causes a polarity within the material, similar
to an excited state of a photo-excitable material.®® Li and co-
workers subsequently showed that diaryliodonium triflates 31-
OTf could be used as an alternative aryl source in C-H arylation
of quinoxalines 36 through a mechanoredox reaction with the
piezoelectric material BaTiOs (Scheme 11A).52 Ball-milling
efficiently 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).%2 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
targeted products, a comparison cannot be made.

Our group recently reported mechanochemical arylations of
arange of O-, S- and C-nucleophiles (Scheme 12).#2 Using known

This journal is © The Royal Society of Chemistry 20xx

solution-phase methods as a starting point,®3 we investigated
the reactivity under ball-milling conditiots i) tA& Srelsened 6F
LAGs that were selected based on the GSK solvent guide.
Unsymmetric diaryliodonium salts (Ar*Ar2IOTf, 40) were utilized
to chemoselectively transfer the more electron-poor aryl
moiety, giving iodoanisole as waste.®*

A ..................................................................................................
BaTiO4 (6.0 equiv) “ |
g ] <:>—I OTf Et3N (3.0 equiv) SPUNEN
Gns & 2h,35Hz 7PN
R
36 (0.5 mmol) 31-OTf (1.5 equiv) 37
]/@/ ]/C IQ/ MeODENj/Ph
@ ©: C: MeO N*
& 78%, 13.7 76%, 11.5 68%, 14.9 59%, 15.2
é no solution-phase method reported with AralX
é Solution solvent é & M-Chem LAG &
None
B --------------------------------------------------------------------------------------------------
BaTiO5 (6.0 equiv) = |

EtsN (3.0 equiv)

N SN
NS0

R! |
31-0Tf (1.5 equiv) 39

=
—_p2
| SR & 2h,35Hz

R2
Ny "ot
o, O
45N o

38 (0.5 mmol)

@tNro@r CENL@L»@ L e

39¢ 39d

62%, 14.4

39a

& 71%, 13.1

é no solution-phase method reported with ArolX

6 Solution solvent é & M-Chem LAG &

- None

39b

69%, 11.6 26%, 33.9

Scheme 11. Piezoelectric mechanoredox arylations.

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 were
more challenging.*? The article also contained a benchmarking
section where reported solution-phase methodology under
inert conditions®® was utilized to synthesize selected products
in the mechanochemical scope. Interestingly, yields were
similar under standard reaction conditions, whereas more
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concentrated or neat reactions gave considerably lower yields,
indicating the importance of mechanochemical activation.*?

A ----------------------------------------------------------------
MeO@—l *OT 00, (1.0 aquiv),
L\ EtOAc (70-80 L) R0
RIOH + [ 2ge - | re
Z & 45 min, 35 Hz
41 (0.3 mmol) 40 (1.0 equiv) 42
OMe
OQ
OMe CN \O NO,
42a 42b
& 80%,3.7 87%, 3.4 79%,‘1 4.9 80%, 4.3
89%.22.9
& 79%, 233 87%, 21.6 % 96%, 22.4
& soutionsolvent & & M-ChemLAG &
THF EtOAc
B ....................... sEssEssssssssssssssssEssssssssssssssnssnsEmnnn.

NayCO; (1.0 equiv),

MeO@l +ot
cyclopentanone (6 L) R'S
RISH  + @Hz \O\—nz
= & 30 min, 30 Hz T

43 (0.3 mmol) 40 (1.0 equiv) 44

s F
o0 Ce oo
on L
Br Cl NH, Br CN e
44b 44c

44a 44d
&  84%, 22

67%, 4.9 92%, 1.9 49%, 5.6
&  71% 400 50%, 75.3 71%, 38.9 -
é Solution solvent é & M-Chem LAG &
MeCN Cyclopentanone
C --------------------------------------------------------------------------------------------------
MeO R 1 EWG
Rl KOBu (1.2 equiv) =
EWG 4 @ n 2eq REY g
R? P & 25h,30Hz &
45 (0.3 mmol) 40 (1.0 equiv) 46
- Etoﬁé( COEMe
OsN
& 92%, 2.8 92%, 3.0 39%, 7.5 78%, 2.8
é 89%, 38.4 80%, 45.9 78%, 40.9 65%,°93.6
& solution solvent & & M-ChemLAG @
DME None

Scheme 12. Transition-metal free arylations. 40 is drawn as an ion pair as it is
unsymmetric. 3.0 mmol scale with 0.45 mL LAG; © Milling time: 15 min with 41 and base,
then 2 h after addition of 40; € With chiral Ar,IX, 37% ee.

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.
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5.2 Alkynylations

View Article Online

DOI: 10.1039/D6GCO 367B
commonly use

Ethynylbenziodoxolones (EBX)
electrophilic alkynylation reagents, often allowing for more
chemoselective and predictive reactions than alkynyl(aryl)iodo-
nium salts due to the stabilizing benziodoxolone core.’® Waser
and co-workers have popularized EBX chemistry under both
transition metal-catalyzed and metal-free conditions, including
the gold-catalyzed C-H alkynylation of indole derivatives.®> The
C2-selective alkynylation of indoles with EBX has been reported
under Rh- or Co-catalyzed inert conditions.®®

Bolm and co-workers developed mechanochemical versions
of these transformations using two different transition metal-
catalyzed systems to achieve C3- or C2-selective alkynylation
under ball-milling conditions.®” Following Waser’s precedent in
solution-phase,®>@ 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
alkynylated in the C2 position, following Waser’s observations.

are

A e .
TIPS
AN, TPS——1— /
R'% | AuCI (2.0 mol%) r
N + ——— Rr1.C | AN
R2 & 99 min, 30 Hz SN
R
47 (0.6 mmol) 48 (1.2 equiv) 49
TIPS TIPS TIPS TIPS
" Vi Vi "
MeO. Br.
2 ) 3 3
N " b N
49a 49b 49¢ 49d
& 75%, 1.9 82%, 1.5 59%, 2.5 60%4, 2.2
& 86%,567  83% 562  80% 555  93%,41.4
‘& Solutionsolvent & @ M-ChemLAG @
Et,0 None
B ------------------------------------------------------------
Z [{Cp"RhCly},]
R LY pe=y o ©05mal%h) RC T HY—=-r?
N AgNTF, XN
0,
N\I\B % (0] (2.0 mol%) N)—-rs
= & 1h,30Hz =
50 (0.6 mmol) 48 (1.1 equiv) 51
@(p}%TIPS N—=—T1IPS
MeO. N
N’)";l N—=-TIPs Me N)’-'r?' r: =-'Bu
- N -
N Na
NL) \\
51a 51b 51¢ 51d
& 98%, 08 99%, 0.8 92%, 0.9 93%, 1.2
& 92%,37.4 39%, 93.3 57%, 65.4 -

& solution solvent & @ M-Chem LAG &
DCE / TFE None

Scheme 13. Transition metal-catalyzed alkynylations with EBX. @ AuCl 3.0 mol%.
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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-decorated 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,®>2 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 calculated
E-factors for the ball-milling method are excellent and
dramatically improved compared to the solution-phase
reactions, 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-catalyzed
conditions.®® 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
suitable for the S-vinylation of thiols to give products 54
(Scheme 14A). Vinyliodonium salts 53 were preferred in the C-
vinylation of nitroalkenes and 3-ketoesters to yield products 55,
here exemplified with the synthesis of 55a on both small and
large scales (Scheme 14B).%2

A --------------------------------------------------
7 N\ .
R N _o KoCOj3 (1.0 equiv)
THF (0-50 pL, ArS
A'SH  + g O AR
& 2h,30Hz Z
43 (0.3 mmol) 52 (1.0 equiv) 54
B --------------------------------------------------------------------------------------------------
7N KOBu (1.2 equiv)
1 EWG
R! R™=/ N“—FBF; THF (0-50 pL) R
Y—EWG 4 BT g
R2 & 25 min, 30 Hz
45 (0.3 mmol) 53 (1.0 equiv) 55
jo"nt examp.les ...............................................................................
4/ Ph
Q o f@ OJ
54b
& 73%, 2.6 85%, 2.2 93%,22.3 92%, 2.1
71%,° 3.0
é 73%, 52.9 37%, 113.8 72%, 46.4 55%, 298.3
é Solution solvent é & M-Chem LAG &
THF None / THF

Scheme 14. Transition metal-free vinylations with VBX. 0.2 mmol scale with LAG. © 3.0
mmol scale, milling time: 15 + 10 min.

The corresponding solution-phase vinylations require inert
conditions in anhydrous THF and give similar or lower yields.58
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89 The E-factors in solution are very high, whigh,.fucther
highlights the benefits of the mechanochBMical Pawsforrtates
VBX compounds with a -heteroatom substituent (X-VBX)
are formed through p-addition of various heteroatom
nucleophiles to EBX. This transformation was demonstrated in
solution-phase by Waser and co-workers,’® and Yoshikai’s
group developed the corresponding transformation from
ethynylbenziodoxoles (EBO) to yield X-VBO.”! 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 underwent efficient addition to EBX 56 under ball-
milling conditions 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 products (exemplified by 58d) with methanol as LAG.

A --------------------------------------------------------------------------------------------------
Nu
R——— K>COj3 (0.3 equiv) R
O._ EtOAc or MeOH (30-40 pL) —Q\—I—O
NuH + z 2
& 1-2h, 35 Hz Z
(1-1.5 equiv) 56 Z=0 (0.1 mmol) 58
57 Z=(CF3), (0.1 mmol)
N
Ts. Ts. N= S
N OMe  N— —(\ 1
Ph—{ Ph—(, Ph—& Ph N
I—O I—O0 I—O0
& ot & O
58a 58b 58c 58d
& 93%, 06 83%, 0.8 84%, 0.9 62%, 1.7
é 39% not reported in solution-phase
é Solution solvent é &) M-Chem LAG &
EtOH EtOAc / MeOH
B --------------------------------------------------------------------------------------------------
NuH (1-1.5 equiv)
A —0 KoCOs (0.3 equiv)  RSH (1.0 equiv) Nu
%7 EtOAc or MeOH (40-90 pL) K2COs (1.0 equiv) Ar~<\_
1-2 h, 35 Hz 1-2 h, 35 Hz
56 Z=0 & &
57 Z=(CF3), R
(0.1-0.3 mmol) N s 1 j
Ph—Q_ N
Wm0 L
Ph Ph NZ_S
SPh SPh
NH»
59a 59b 59¢ 59d
& 96%, 1.3 76%, 2.0 52%, 4.6 48%, 7.6
é no one-pot solution-phase method reported
é Solution solvent é & M-Chem LAG &)
EtOAc / MeOH

Scheme 15. Synthesis of X-VBX/VBO and one-pot synthesis of complex alkenes.

A one-pot reaction combining the synthesis of X-VBX/VBO 58
with a subsequent S-vinylation to reach bis(hetero)-substituted

J. Name., 2013, 00, 1-3 | 11


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6gc00367b

Page 13 of 16

Open Access Article. Published on 10 March 2026. Downloaded on 3/11/2026 8:03:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

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 excellent yields of
59 were obtained within 2-4 hours of ball-milling.

Comparing the first method with solution-phase
methodology®® 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.

Conclusions and outlook

The combination of mechanochemistry with hypervalent iodine
chemistry has been investigated in a wide range of reactions. In
this critical review, we highlighted several mechanochemical
iodine(lll) reactions where solution-phase reactions either fail
or give different types of products. We also compared 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
conditions. 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
compounds holds the potential to open a new and more
sustainable 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.”> 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
purification procedures, further amplifying sustainability
benefits. We have highlighted a handful of up-scaled mechano-
chemical reactions in the review, but further investigations are
needed, especially considering that up-scaling of hypervalent
iodine reactions needs to be done with care both in solution and
in the solid phase.”*

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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