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The combination of mechanochemistry and hypervalent iodine
chemistry has rarely been reported, despite the numerous advan-
tages offered by this enabling technology. With this in mind, this
study addresses the key issue of transforming hypervalent iodine-
mediated, solution-based reactions into the mechanochemical
realm, accompanied by benchmarking and sustainability studies of
the different types of reactions. Interestingly, several reagents dis-
played quite different reactivity and regioselectivity under mechano-
chemical conditions.

Mechanochemistry provides a unique avenue to explore
organic reactivity due to its inherent solvent-free nature. The
mechanical impacts created by ball-milling, pestle and mortar
or extruders impart mechanical energy to activate a reaction in
a similar way to thermal or irradiation activation." Thus,
mechanochemistry has emerged as a useful enabling techno-
logy in organic chemistry.> Whilst the solvent-free nature can
lead to chemical advantages such as increased selectivity,
faster reaction times and novel reactivity,® there can also be
potential sustainability benefits like less waste produced and
decreased use of energy.*

Hypervalent iodine reagents have in recent years been
demonstrated as powerful electrophilic reagents that can be
utilized to give chemo- and stereoselective reactions under
transition metal-free conditions.” The vast majority of iodine(m)
reactions are reported in solution, but there are some
examples of solvent-free reactions, such as the microwave-
assisted acetoxylation of oxo-benzoxazines® or transamidation
reactions.” While mechanochemical activation has been
employed in iodine(m)-mediated oxidations® and in halogena-
tion of imidazo[1,2-a]pyridines (Scheme 1A),° very few reports
concentrate on their use as group transfer reagents. Prominent
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examples include a metal-catalysed indole alkynylation with
ethynylbenziodoxolone (EBX, Scheme 1B),"° a fluorocyclisation
to form fluorinated heterocycles," and a copper-catalysed
N-arylation of diaryliodonium salts.">

Further investigations are needed to properly assess the
power of combining mechanochemistry with hypervalent
iodine chemistry, and discover novel applications of this emer-
ging technology. Hence, we have conducted a study on a multi-
tude of hypervalent iodine-mediated transformations, which
are reported in solution, to understand how to convert solu-
tion-phase to solid-phase, compare yields, and evaluate the
sustainability of mechanochemical vs. solution reactions.
Herein, we report the optimisation and scope of mechano-
chemical S-, O- and C-arylations,"® S- and C-vinylations, as well
as a catalytic C-tosyloxylation (Scheme 1C). The important
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Scheme 1 The use of hypervalent iodine reagents in mechanochemis-
try as (A) an oxidant; (B) as a group transfer agent. (C) This work.
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parameters and variables are highlighted during the work and
comparisons to solution-based methods elucidate the super-
iority of mechanochemistry in many transformations.

In order to assess the key parameters governing the trans-
formation of a solution-phase reaction to mechanochemical
conditions, we first evaluated the O-arylation of phenols to
give diaryl ethers, a transformation that proceeds well under
solution-phase conditions.'* The optimisation was performed
with unsymmetric diaryliodonium salt 1a to chemoselectively
give diaryl ether 3a (Table 1)."° Initial ball milling reactions
were performed at 25 Hz for 30 min, using a 1.5 mL stainless
steel vessel with a 5 mm stainless steel ball. Very low yields
were observed using sodium ¢-butoxide, sodium hydroxide or
sodium carbonate as base (entries 1-3). A screen of frequen-
cies showed that 35 Hz gave higher yield, which is in line with
previous reports (entries 3-5).'® The effect of liquid-assisted
grinding (LAG) was evaluated next,'®'” and the presence of a
small amount of LAG (20 pL = 0.33 pL mg™ ') increased the
yield markedly (entries 6-9). The green solvent EtOAc'® was
selected as LAG for further studies, and the optimum amount
of LAG proved to be 20 pL since a smaller amount resulted in a
lower yield (entries 9-11). Potassium bases often work well
with iodine(m) reagents,"**'® and the combination of
increased reaction time (3 h) and the use of potassium carbon-
ate indeed improved the yield substantially (entries 12-14).
Whilst the use of two stainless steel balls was detrimental

Table 1 Optimization of mechanochemical O-arylation?

MeO—©—I+ ot
SRS
cN
3a

base (1 equiv)
LAG (20 pL)

frequency
time &

©+ ©0H

1a CN 2a
(1 equiv) (0.1 mmol)
Frequency Time Yield”
Entry (Hz) Base LAG (min) (%)
1 25 NaO'Bu — 60 5
2 25 NaOH — 60 5
3 25 Na,CO; — 60 8
4 30 Na,CO; — 60 10
5 35 Na,CO; — 60 15
6 35 Na,CO; THF 60 23
7 35 Na,CO; MeOH 60 39
8 35 Na,CO; Toluene 60 40
9 35 Na,CO;  EtOAc 60 40
10 35 Na,CO;  EtOAc (10 pL) 60 33
11 35 Na,CO;  EtOAc (30 uL) 60 a1
12 35 Na,CO;  EtOAc 180 60
13 35 KO'Bu EtOAc 180 69
14 35 K,CO; EtOAc 180 88
15°¢ 35 K,CO; EtOAc 180 63
167 35 K,CO; EtOAc 180 90
17¢ 35 K,CO; EtOAc 15+30 (91)
18/ — K,COs EtOAc 15+30 28

“Standard setup: 1.5 mL stainless steel vessel with a 5 mm stainless
steel ball. *NMR yield using 1,3,5-trimethoxybenzene (TMB) as
internal standard. “With 2 balls. With a 5 mL vessel and a 10 mm
ball. ¢ Pre-milling of 2a with base for 15 min before addition of 1a, iso-
lated yield.Reaction carried out in a microwave vial.
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(entry 15), a larger ball-milling vessel (5 mL) produced similar
results (entry 16). Finally, it was found that pre-milling phenol
2a with base for 15 min, followed by 30 min of milling with
diaryliodonium salt 1a delivered diaryl ether 3a in 91% iso-
lated yield (entry 17). Interestingly, when the reaction was
carried out in a microwave vial with a stirring bar under the
same conditions, only 28% yield was garnered, indicating the
importance of milling for the reaction to occur (entry 18). This
optimisation serves as an example of the process of switching
from solution- to solid-phase, and accounts for the most
important factors, such as choice of base and LAG, amount of
LAG, frequency and reaction setup.

The scope of the diaryl ether synthesis is depicted in
Scheme 2A. A range of phenols with varying electronic pro-
perties were well tolerated, including halogen, nitro, ¢-butyl
and methoxy substituents (3a-3h). Steric hindrance was well
accepted, as demonstrated by ortho-substituted products 3f-
3h. Finally, the functional group tolerance was briefly evalu-
ated with allyl and pyridyl groups (3h, 3i). The diaryliodonium
structure was varied next, keeping the anisyl group as
“dummy” ligand to ensure chemoselective transfer of the
green aryl group.”° Reactions of phenol 2a with varied diaryl-
iodonium salts 1 produced 3j-3m in good to excellent yields.
Next, 2-methoxyphenol was used as nucleophile to evaluate a
sterically demanding environment. Arylation with a variety of
electron-deficient aryl groups, including halides, cyano and
ester substituents (3n-3q) was achieved upon extending the
reaction time to 2 h to ensure complete conversion with less
reactive salts 1. To the contrary, transfer of electron rich aryl
groups was limited to a tolyl group (3r, 3s), whereas a hetero-
aryl group was successfully transferred (3t). The method was
subsequently evaluated for arylation of a variety of other
nucleophiles, which are reported in solution. Indeed, aliphatic
alcohols® could be arylated in good yields (3u-3y) using aceto-
nitrile as LAG.

Next, the S-arylation of thiols>” to yield diaryl sulfides 4 was
investigated (Scheme 2B). An optimisation'® showed that cyclo-
pentanone, which is a more sustainable LAG than EtOAc,"®
was equally efficient (see Table S5t). Similar to the O-arylation,
varied nucleophiles could be used (4a-4e). While the reaction
was limited to incorporation of electron deficient aryl rings
(4f-4Kk) and a pyridyl group (4j), the arylation of mercaptoben-
zoxazole and aliphatic thiols was feasible (4k-4m). The chemo-
selectivity of the reaction is demonstrated by the selective
S-arylation to product 41, which has a free amino group.

Finally, the C-arylation of nitroalkanes™ to give products 5
was investigated under mechanochemical conditions
(Scheme 2C).'* The reaction was found to proceed well in the
absence of a LAG, and was high-yielding for both cyclic and
acyclic nitroalkanes (5a-5h), including transfer of the electron-
rich anisyl group (5d) and a pyridyl group (5f). While a nitro-
ester reacted sluggishly (5i), the C-arylation to f-keto ester 5j
proceeded smoothly.

We have recently reported metal-free, regio- and stereo-
selective vinylations using vinylbenziodoxolones (VBX).>* Due
to the increased stability of the benziodoxolone core, reactions

Green Chem., 2024, 26, 11518-11523 | 11519
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KoCOg, Na,CO3 (1 equiv) or KOBu (1.2 equiv) Nu__~

Q + NuH LAG (0-0.33 yL/mg) | R
1(1 equiv) "F 2 (0.3 mmol) & 30150 min, 30-35 Hz 35
A) Scope W|th alcohols (K,COj5 as base, EtOAc as LAG, 35 Hz, 45 min) OMe
oC, O, ov, "vth, Ll oC
CN Br CN | CN CN Bu CN CN
o 3a91% 3b 90% 3¢ 73% 3d 83% 3e 77% 3 89%
Ccoo,, MOCC, W@ o, g oo
Cl oN N? CN NO, O,N cl
39 88% 3h 87% 89%)3 86% 3j 69% 3k 48% 3180%
F OMe F OMe  CO,Me OMe OMe
ot 0 OfG, 0 Oft, RO
CN cl CN cl
3m 88% 3n 63%® 30 72%" 3p 62%P 39 81%° 3r 76%°
OMe OMe @\/
oC. O T @ QT T
Z CN cN NO, CN
3s 47%° 3t 79%P 3u 91%° 3v 55%0 3w 88% 3x 80% 3y 59%
B) Scope with thiols (Na,COj5 as base, cyclopentanone as LAG, 30 Hz, 30 min)
Joo, oo, oo, g, o0, o0
NO, Cl NO, NO, F NO, MeO NO,  Br cl
4a 91% (78%)? 4b 88% 4¢c 75% 4d 82% 4e 82% 4 84%

S S s S N S H,N s
oo, JOO 00 oT o9, Ut
Br CN Br F CN Br O,N Br Z MeO CN CN

49 83% 4h 92% 4i 76% 4j87% 4K 70% 41 67%¢
o)
NN
OWS\Q Ph__S S\©\ NO, COMe
@r“ NO, CN oN to)ék© O.
4m 76% 4n 49%" 40 51%b ¢
C) Scope with nitroalkanes, nitroesters and $-keto esters (KO'Bu as base, no LAG, 30 Hz, 150 min) 5i 39% 5] 78%
No2
O,N
5a 99% 5b 96% 5¢ 96% 5d 83% 5e 76% 5f 92% 59 92% 5h 95%

Scheme 2 Mechanochemical arylation scope. 3.0 mmol scale; © 15 min pre-mill with base, then 2 h milling time with 1, €2 h reaction time, MeCN

as LAG, YEtOAc as LAG.

with VBX often give enhanced selectivity compared to vinyl
(aryl)iodonium salts.>*>®*> The mechanochemical vinylation
efficiency of VBX and vinyliodonium salts was interesting to
study, and the solution-phase S-vinylation of thiols with VBX
and KO'Bu was examined first.>** We were pleased to discover
that the reaction proceeded well with VBX 6a and the milder
base K,COj in the ball mill at 30 Hz (Scheme 3). Similar to the
original report, the mechanochemical yields of vinyl aryl sul-
fides 7 were quite high, and the products were formed with
complete regioselectivity and generally with E/Z > 20: 1.%° The
thiol scope was wide, and tolerant of free amino groups and
heteroaromatics (7a-7f). Additionally, reactions with VBX
reagents 6b, 6c provided 7g, 7h in good yields. Importantly,
since the synthesis of 7g and 7h was higher-yielding using the
mechanochemical methodology than in solution, isolation
could be completed using a chromatography- free protocol,

1520 | Green Chem., 2024, 26, T1518-11523

7\
Nui + N\l N\ KoCOjz or KOBu (1 equiv) Nu_~ S
2 ' .
2 R 6 & 120 min, 30 Hz 7- ’\Rz
(0.3 mmol) 1 equiv E/Z>20:1
©/S\/\ Ph /@/S\/\ Ph /@/S\/\Ph @ES\/\Ph
Br MeO F
7a77% 7b 90% 7c 73% 7d 90%
S S pn HoN S pn Sz
Z N
OMe
7e 77%, E/Z12:1 7f 85% 79 85%°
NO.
O, T G ol
7h 93%32 8a 92%" (71%)2°  8b 89%P 8¢ 55%¢

Scheme 3 Mechanochemical vinylation scope. Products 7 formed with
VBX 6a—6c¢ and K,COs, products 8 formed with salt 6d and KO'Bu. 2 THF
as LAG, 135 min; © 10 min; € 3.0 mmol scale; ¢ 30 min.

This journal is © The Royal Society of Chemistry 2024
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which considerably
transformation.

Finally, the C-vinylation of nitroalkanes**” was investi-
gated under mechanochemical conditions. The optimisation
uncovered that the acyclic styryl(phenyl)iodonium tetra-
fluoroborate®” (6d) produced higher yields than VBX,
delivering C-vinylated products 8a, 8b. Remarkably, this
mechanochemical protocol can be finished in as little as
10 min and the products were formed with excellent regio-
selectivity (ratio of internal/terminal alkene >20:1). In solu-
tion, the same reaction required 18 h reaction time with 6d,
and produced a measly internal/terminal ratio of 4:1,
whereas solution reactions with VBX gave the terminal
product in 14:1 ratio.?*” C-vinylation to give p-keto ester 8c
was also feasible.

To evaluate the scalability of the developed mechanochem-
ical protocols, the scale was increased from 0.3 mmol to
3 mmol for products 3h, 4a, and 8a. A 5 mL vessel and a
10 mm stainless steel ball were utilised to ensure sufficient
space for milling to occur. Good yields were still obtained in
these reactions, illustrating that upscaling is indeed possible.

Organic oxidative transformations utilising catalytic
iodine(in) reagents are ubiquitous in the literature owing to the
readily accessible redox couple iodine(1)/(i).>**® However, a lit-
erature search showed a complete lack of mechanochemical
reactions utilizing catalytic iodine(m) reagents.>® The tosyloxy-
lation of C-nucleophiles has been profusely studied in solu-
tion,”® and served as a good model reaction to evaluate
mechanochemically. The optimisation showed that it was
indeed possible to form the iodine(m) oxidant in situ, using a
catalytic amount of 2,4-dimethylphenyl iodide (9) together
with stoichiometric mCPBA and tosic acid (Scheme 4). In this
fashion, several classes of substrates were tosyloxylated to give
products 10 in high yields.

To evaluate the reasons for the observed reaction efficiency,
we carried out the respective solution reactions in concen-
trations similar to that of a LAG, which usually resulted in a
stark drop in yield."” The same was true when our standard
mechanochemical reactions were carried out in microwave
vials with stirring bars as opposed to ball milling conditions."?
Together these results show that the mechanochemical acti-
vation is indeed required for high yields.

improves the sustainability of the

9 (20 mol%)
mCPBA (1.0 equiv)
TsOH-H,0 (1.0 equiv)

R1JJ§<R3

(0]
R1J\rR3
RZ

HFIP (0.5 uL/img) Rr2 OTs 9
(0.3 mmol) 5 - 30 min, 25 Hz 10 e ;
o] o)
CO,Me OTs
OT2 )k(ll\ Ph)kHLPh /©)‘\/ @/OTS
° OTs OTs
10a 87% 10b 69%  10c 77%7 10d 74%>  10e 41%>

Scheme 4 Catalytic tosyloxylation of C-nucleophiles. ? No HFIP added;
P15 equiv. mCPBA and tosic acid, preheated vessel. mCPBA =
m-chloroperbenzoic acid; TsOH = p-toluenesulfonic acid; HFIP
hexafluoroisopropanol.

This journal is © The Royal Society of Chemistry 2024
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OMe
& 7%, 32 80%, 3.4 59%, 6 84%, 2.2
I ag7%, 27.4 a79%, 29.7  263%, 45.4 b71% 62.9
NO; COzMe OTs
C Feen V\Ej\
5f
& 92% 28 85% EZ>201 55% 29 74%, 4.6
c89%, 38 ©51% (E:Z4:1),226  911%, 1132 ©85%, 15.6

Chart 1 Comparison of yields and E-factors for mechanical and solu-
tion conditions. 1 (1 equiv.), KO'Bu (1.2 equiv.), THF (0.2 M), 40 °C,
1 h;** 21 (1 equiv.), DBU (1.1 equiv.), MeCN (0.1 M), 80 °C for 1.5 h;?*
°Yields taken from the literature; 5f,% 7g,2410c,;** 96d (1.1 equiv.),
KO'Bu (1.1 equiv.), THF (0.024 M), rt, 18 h.242

Having demonstrated the facile conversion of known solu-
tion-phase transformations to mechanochemical conditions,
we wanted to evaluate the efficiency and sustainability of the
developed mechanochemical methods. The E-factor, which is
defined as the mass ratio of waste to desired product, is a very
useful sustainability benchmarking method.**" To highlight
the differences between mechanochemical and solution-phase
reactions, we decided to calculate the E-factors excluding the
waste created via purification (which was expected to be rather
similar for both methods). Chart 1 details the comparison of
yields and E-factors for selected products'® using the arylation,
vinylation and tosyloxylation methodologies. The mechano-
chemical arylations sometimes produced markedly higher
yields (3h, 3q, 4g) than the reactions in solution.*"??®*3 A
similar trend was seen for S-vinylations, where the high yields
obtained mechanochemically enabled column-free purifi-
cation and hence higher E/Z ratios (7g).”' For the
C-vinylations, the mechanochemical protocol provides higher
yields and better regioselectivity (internal/terminal alkene)
than in solution.

The comparison of E-factors highlights that the mechano-
chemical methods produce far less waste than the corres-
ponding solution-phase reactions; particularly striking are the
results for 7g and 8¢, which are low-yielding in solution and
have high E-factors. The difference is especially interesting for
products with higher yields using solution-phase method-
ologies (3q, 10c), as the solution-phase still has much higher
E-factors.

Conclusions

In conclusion, we have successfully transferred known hyper-
valent iodine-mediated arylations, vinylations and tosyloxyla-
tions from solution- to solid-phase. Furthermore, the first cata-
Iytic hypervalent iodine protocol utilising mechanochemistry
was developed. The scope studies revealed several examples
where the mechanochemical methods were superior, and a

Green Chem., 2024, 26, 11518-11523 | 11521
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comparison of E-factors showed that the novel protocols are
far more sustainable. The results establish the value of com-
bining mechanochemistry with hypervalent iodine chemistry,
and the discovered key parameters for methodology transfer
from solution are likely also applicable when developing other
mechanochemical hypervalent iodine reactions.
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