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anochemical synthesis of
functionalisable fluorinated scaffolds for drug
discovery using green LAG

Adam G. Buchanan,a Elizabeth T. Areola,a Maryam Farrukh Butt,a Yan Kiu Lee, a

Jasper Murphy,b Annie E. Taylor, b Avninder S. Bhambrab

and George W. Weaver *a

Fluoroarenes have become widely recognised as useful building blocks in medicinal chemistry, and

manipulation of these compounds can be achieved readily using nucleophilic aromatic substitution

(SNAr) to introduce a diverse range of functionality for drug development. A more sustainable

mechanochemical approach to SNAr of fluoroarenes using planetary ball milling with a range of aliphatic

and aromatic amines as nucleophiles has been investigated with 20 examples described. An efficient set

of milling conditions using liquid assisted grinding (LAG) employing the bio-solvent Cyrene or water, and

short reaction times (30 minutes) has been developed. Yields were consistently higher when using

Cyrene or water as LAG agent rather than DMF. The method provides a useful alternative to the dipolar

aprotic solvents DMF and DMSO and high temperatures commonly used in SNAr. Ethyl acetate is

employed in the extractive work-up, but is recyclable and considered a green solvent. The method

reduces or obviates bulk reaction solvent and aqueous waste streams containing dipolar aprotic solvents.
Introduction

As part of our ongoing programme to develop new compounds
active against a number of neglected tropical diseases we
required uorinated arenes substituted with amine or nitrogen
heterocyclic groups.1 Such compounds can be elaborated into
drug scaffolds by manipulation of the initial arene substituent
and/or further substitution of uorine by SNAr reaction, for
example by ortho substitution and cyclocondensation onto
aldehyde, ketone or nitrile groups.2 This approach offers an
alternative route to uorinated drug scaffolds which are more
usually prepared by late-stage uorination or by incorporation
of reactants containing strategically placed uorine atoms.
Fluorine's small size, high electronegativity, and electrostatic
interactions frequently improves drug performance making it
key to modern drug development,3 while its leaving-group
ability allows for further synthetic manipulation of uorinated
scaffolds enabling unique substitution patterns to be achieved.
Fluorine can be introduced either by electrophilic or nucleo-
philic reactions, but the former oen involve the use of highly
reactive or expensive uorinating agents.4 Per- and poly-
uoroarenes can now synthesised using nucleophilic uorina-
tion using uoride ion (halex reaction) without the need for
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uorine gas or reactive reagents derived from F2.5 We have thus
exploited SNAr reactions of per- or poly-uorinated arenes in the
construction of novel heterocycles and drug scaffolds.6 SNAr
allows the addition of nucleophiles that have proven to be ideal
structural motifs in the synthesis of pharmaceutical
compounds without the need for transition metal catalysis.7

However, these reactions oen require the use of harmful
dipolar aprotic solvents, and with the introduction of stricter
legislation in recent times with regards to the handling of these
solvents, there is an increasing need for a more environmentally
friendly way of conducting these reactions. The aim of this work
was to investigate the viability of ball milling to promote SNAr
reactions, whilst moving away from the use of harmful solvents
and towards more sustainable methods using green solvents for
liquid-assisted grinding (LAG). Mechanochemistry has become
key to recent approaches to develop more sustainable chemical
synthesis.8 Recent mechanochemical approaches to SNAr
include Andersen and Starbuck's9 work using ball milling to
promote SNAr in halonitrobenzenes 1 with amines to form 3
(Scheme 1) but showed temperatures up to 100 °C were
required, while Leitch, Smallman and Browne10 reported a study
on the synthesis of the organophotocatalyst 1,2,3,5-
tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN) 6 using
tetrauoroisophthalonitrile 4 and carbazole 5. They showed
that substitution of the four uorines in 4 with carbazole
occurred with yields of up to 92% when using NaOtBu as base,
and pre-milling the NaOtBu and carbazole before the addition
of the tetrauoroisophthalonitrile 4. The reaction employed
RSC Mechanochem., 2026, 3, 265–272 | 265
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Scheme 1 Previous mechanochemical SNAr reactions and the current study using green LAG.
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THF for LAG which leads to a higher convection rate and better
mass transport oen improving the yield of reactions. SNAr
reactions are conventionally conducted using toxic dipolar
aprotic solvents such as dimethylformamide (DMF) or dimethyl
sulfoxide (DMSO), that add signicant disposal costs to
synthetic protocols. We wished to explore the use of water, or
bio-based solvents, such as Cyrene11 10 to promote greener SNAr
transformations. Cyrene is synthesised (Scheme 2) by hydro-
genation of levoglucosenone 9, a dehydration product of cellu-
lose derived glucose, and whilst renewable hydrogen generation
is not currently economically viable, it is possible, meaning that
Cyrene is classied as a bio-solvent, and a viable substitute for
toxic and non-renewable petrochemical-derived solvents. We
Scheme 2 Preparation of bio-solvent Cyrene from cellulose derived
glucose.

266 | RSC Mechanochem., 2026, 3, 265–272
also wished to develop lower energy demanding SNAr reactions
that can be readily conducted in a short time, rather than the
prolonged high temperature reaction commonly encountered
(typically >12 h, ∼100 °C). The target compounds were chosen
for their desirable properties as building blocks for medicinal
scaffolds. Although per- and poly-uoroalkyl substances (PFAS)
are considered environmentally persistent and harmful, the
corresponding uoroarenes are more readily degraded due to
their propensity to undergo easy SNAr reaction. Recent work by
Gouverneur12 has highlighted how mechanochemical process-
ing with potassium phosphate can be used to degrade PFAS
materials while recovering uoride as KF and K2PFO3 for reuse.
Results and discussion

Initial studies using a YKL-0.4L planetary ball mill (Fig. 1a) with
reactions conducted in 100 mL stainless steel jars found the use
of steel ball bearings of different sizes: 5.68 g (3), 3.28 g (2) and
2.14 g (5) led to the best recovery of material, so these condi-
tions were employed in the SNAr reactions using a 30-minute
reaction time and a rotational frequency of 600 rpm. Method
optimisation experiments are described in the SI. Three
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Planetary ball mills used in this study: Changsha Yonglekang YKL-0.4L mill (left) and Fritsch Pulverisette 7 micro mill (right).

Paper RSC Mechanochemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 1
1:

23
:0

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
different solvents were employed: Cyrene or water would be
compared to DMF as greener aprotic and protic solvents for
LAG. Use of an aqueous solvent would allow partial dissolution
of the sodium carbonate base employed to neutralise the HF
formed as a by-product in the reaction. Reactions were con-
ducted on a 5 mmol scale with 0.25 mL of LAG agent used in
each case.

Peruorinated aromatic compounds 7a–e (Scheme 3) with
electron-withdrawing substituents were chosen to increase the
likelihood of para substitution in the SNAr reaction,13 and to test
if poly-substitution would occur under ball milling as oen
multiple substitution can occur under conventional SNAr
methods. Three nitrogen based nucleophiles were used in the
study, two aliphatic and one aromatic amine. Morpholine was
chosen as a typical aliphatic secondary amine which is oen
present in drug molecules as a protonatable water solubilising
substituent and is an effective nucleophile in SNAr.14 Benz-
imidazole and cyclopentylamine were chosen to test the lower
nucleophilicity of a nitrogen heterocycle compared to a primary
amine, and for their pharmaceutically desirable properties.
Morpholine was reacted with ve different peruorinated
aromatics with electron withdrawing substituents 7a–e, or with
pentauoropyridine 11 as a heterocyclic substrate, with the
three chosen solvents (Scheme 2). The results of the reaction set
are shown in row 1, with all reactions giving the desired mono-
substituted para isomers 8(a–e)a and 12a as conrmed by 19F
NMR spectrscopy, except for the formation of compound 12a
when using DMF as LAG agent. There was no evidence of di-
substitution occurring. All reactions were conducted on
a synthetically useful 5 mmol scale with reproducible results
(minimum of two repetitions or reactions repeated by different
coworkers). The lack of reaction of pentauoropyridine 11 in
DMF was repeatable, and it is not clear why this substrate failed
to react with morpholine in the presence of DMF. A control
reaction with 7a and morpholine was conducted with no LAG
agent. This showed the reaction still to proceed, but not to
completion in the same time. Nitrile 8aa was formed in a lower
52% yield aer purication.
© 2026 The Author(s). Published by the Royal Society of Chemistry
None of the compounds 8(a–e)a and 12a have been previ-
ously reported synthesised by mechanochemical methods.
Compounds 8aa15 and 12a16 have been prepared in solution, but
required prolonged reactions times (e.g. 8aa, 60 h in reuxing
THF or 12 h in boiling MeCN). We found 8ba and 8ca were
formed in solution in THF in only 36% and 52% respectively
aer 75 h at room temperature. The ball milling method here
afforded 8aa in 91% yield and 12a in 70% in only 30 minutes.
8ea has been prepared previously in 60% isolated yield in THF
using a magnesium amide reagent under Schlenk conditions.17

Milling with Cyrene as LAG agent and only sodium carbonate as
both base and grinding agent gave 8ea in 87% yield with no
need for inert atmosphere conditions. Compounds 8ba and 8ca
were synthesised for the rst time, with water and Cyrene giving
the highest yields, 70% and 79% respectively, as LAG agents. In
the reaction of pentauorobenzaldehyde 7d the expected 4-
substituted aldehyde product was not obtained, and 2,3,5,6-
tetrauorophenyl morpholine 8da was isolated instead. Addi-
tion of morpholine at the para position was conrmed by the
two signals of an AA0BB0 spin pattern in the 19F NMR spectrum
but no aldehyde proton signal was visible in the 1H NMR
spectrum. A triplet of triplets signal at 6.70 (J 10 and 3 Hz)
indicated a single aromatic proton coupling to two pairs of
uorine atoms. Additionally no carbonyl signal was present in
the IR spectrum and a mass ion was detected at m/z 236 cor-
responding to a molecular formula of C10H9F4NO for the
decarbonylated compound 8da. This likely formed (Scheme 4)
by addition of morpholine at the para position of 7d as rst
expected, forming 13.

This however undergoes further reaction at the aldehyde
centre by addition of a second molecule of morpholine, to form
an intermediate 14 which then undergoes Haller Bauer type
cleavage18 to form a uorine stabilised aromatic anion 15 which
protonates to give 8da. We have observed similar diacylation
reaction of peruorobenzaldehydes previously.2

Aer the initial success with the morpholine set of reactions,
benzimidazole was then used to investigate whether aromatic
nitrogen heterocycles could be introduced bymechanochemical
SNAr. Oen strong bases such NaH are required to form the
RSC Mechanochem., 2026, 3, 265–272 | 267
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Scheme 3 Mechanochemical SNAr reaction of perfluoroarenes with products formed and LAG agent % yields (isolated yields reported; values in
parenthesis refer to starting material recovered).
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heterocyclic anion to ensure sufficient nucleophilicity, but all
reactions in the ball mill were successful with both Cyrene or
water proving effective as LAG agents. The reactions produced
the mono-substituted para derivatives in moderate to good
yields (Scheme 3: 8(a–e)b and 12b). Reaction with
268 | RSC Mechanochem., 2026, 3, 265–272
pentauorobenzaldehyde 7d was successful with a good yield of
8db (75%) (dH 10.35 for the aldehydic proton) obtained with
water as LAG agent. Use of Cyrene afforded a moderate yield of
42%, but none of the deacylated product was detected. Expect in
the case of 8eb yields were better using Cyrene or water rather
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Proposed mechanism for the formation of deacylated product 8da.

Paper RSC Mechanochemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 1
1:

23
:0

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
than DMF as solvent. No instances of di-substitution were
observed which is oen an issue in solution based SNAr
chemistry. Compounds 8ab, 8eb and 12b have been synthesised
by conventional solution methods previously19 as part of a study
on polar crystal engineering exploiting p–p interactions, but
used bulk THF as solvent and long reaction times (48 h).
Aldehyde 8db was prepared previously by us as a precursor to
biologically active benzothiophenes.1c

Cyclopentylamine was the third nucleophile to be investi-
gated for mechanochemial reaction with the set of uoroarenes.
Due to the compounds role as drug scaffold precursors, amines
were prioritised as being desirable nucleophiles. The novel
compounds 8ac, 8bc, 8cc, 8ec and 12c were successfully syn-
thesised in moderate to high yields with Cyrene or water out-
performing DMF as LAG agents in terms of yield. The reaction
between pentauorobenzaldehyde 7d and cyclopentylamine
Scheme 5 Reactions of perfluorobenzonitrile 7a with hindered amines

© 2026 The Author(s). Published by the Royal Society of Chemistry
was unsuccessful with all three solvents investigated, with two
repetitions attempted for each solvent. TLC analysis of the
crude products showed complex mixtures that could not be
separated using column chromatography. None of the product
8dc was isolated. Possible side reactions could have occurred
between the amine and the aldehyde such as imine formation
or deacylation. With DMF as LAG agent a high recovery (78%) of
7d was recovered indicating a slow reaction rate in this solvent.
There was no indication of imine formation between the amine
and the ketone group of Cyrene.

Considering the Kamlet–Abboud–Ta (KAT) parameters20 of
the solvents used, both Cyrene and water have greater p* values
(0.93 and 1.08 respectively) than DMF (0.88), and should better
stabilise dipolar interactions in the transition state for addition
of the nucleophile. These reactions are likely to proceed by
a two-step addition–elimination mechanism, although there is
in an agate milling jar.

RSC Mechanochem., 2026, 3, 265–272 | 269
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Scheme 6 Attempted reactions of mono- and di-fluorobenzoates
with morpholine.

Fig. 2 Highest yielding reactions by LAG agent.
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increasing evidence that many SNAr reactions are concerted
processes.7 Hydrogen Bond Accepting (HBA) solvent Cyrene can
also interact with the NH bond of the amines increasing
nucleophilicity, while water being also a hydrogen bond donor
(HBA-D) solvent should also assist in stabilising the departing
uoride ion. Alcohols, such as bio-ethanol, could also be
effective LAG agents, but we did not investigate these as we have
found ethanol can add to peruoroarenes under basic condi-
tions to form ethoxy substituted by-products. Additionally
Cyrene (b.p. 227 °C) is stable up to 195 °C and is non-toxic and
biodegradable. DMF (b.p 153 °C) begins to decompose above
100 °C forming carbon monoxide and dimethylamine, and this
is likely to occur under the high frictional forces of the ball mill.
We have previously detected dimethylamino containing by-
products in SNAr reactions using DMF.

With the optimised conditions employing Cyrene as LAG
agent we then investigated reactions of nitrile 7a with more
hindered primary and secondary amines (Scheme 5) and also
employed agate milling jars and balls in a Fritsch Pulverisette 7
planetary micromill (Fig. 1b) as an alternative to steel which has
the advantage of not introducing potentially harmful metal
particulates into the drug precursors. These amines also reacted
successfully in high yield (72–93%) on a 2 mmol scale.

With peruorinated arenes 7a–e shown to react successfully
under milling conditions, mono- and di-uorinated benzoates
16a and 16b (Scheme 6) were investigated as less reactive arenes
Scheme 7 Attempted reaction of morpholine with electron donor
substituted fluoroarene 7f.

270 | RSC Mechanochem., 2026, 3, 265–272
with morpholine as nucleophile. Cyrene was employed for LAG
but both reactions were unsuccessful, with only starting mate-
rial recovered in each case. No evidence for the formation of 17a
or 17b, or the corresponding ortho isomers, was obtained. No
reaction was also observed between morpholine and 4-uoro-
benzonitrile. Chloronitrobenzene 1, discussed above (Scheme
1), required a reaction temperature of 100 °C, and even though
uorine as nucleofuge21 in 16 should increase reaction rate
relative to chlorine, it appears the ester group is not sufficiently
activating to allow reaction under the current milling condi-
tions. The temperature of the jars in the ball mill increase by
around 10 °C due to friction, but this did not inuence reaction
rate sufficiently to allow reaction.

We also studied the potential reaction of a uoroarene 7f
bearing an electron donating group (t-butylphenoxy) with
morpholine (Scheme 7), but no reaction occurred under the
conditions successful for arenes 7a–e. Only starting material 7f
was isolated in a high recovery of 76%. This result matches
solution phase reactions of peruoroarenes with electron
donating substituents that require more forcing conditions to
undergo SNAr and which, in some cases, lead to meta substi-
tution.13 Further investigations into reactions with less activated
substrates, and the effects of temperature are in progress.

An estimation of the energy consumption of the milling
method compared to conventional heating was made. The
YKL0.4L ball mill used operated at 750 W and allowed four
reactions to be completed simultaneously in 30minutes. Energy
consumption was determined to be approximately 0.09 kWh per
reaction compared to 6.6 kWh for conventional thermal reac-
tions (reux for 12 h). The method developed reduces energy
usage as well as minimising solvent waste and disposal costs.
The green solvent Cyrene was shown to be the most effective
LAG agent affording the highest yields (Fig. 2) in 59% of reac-
tions, with water also proving superior to DMF.

The simplicity of themethod should allow easy translation to
continuous production methods such as twin-screw extrusion
(TSE).22
Conclusions

In conclusion, a more sustainable mechanochemical approach
to conduct SNAr of uorinated aromatics with nitrogen
© 2026 The Author(s). Published by the Royal Society of Chemistry
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nucleophiles has been developed. Cyrene or water were shown
to be more effective LAG agents than DMF and the method
provides a viable alternative to conventional solution phase
SNAr reactions using dipolar aprotic solvents. Ethyl acetate is
employed in the extractive work-up, but is recyclable and
considered a green solvent. The method reduces or removes
bulk reaction solvent waste and aqueous streams contaminated
with dipolar aprotic solvents. A library of twenty (een novel)
functionalisable scaffolds has been prepared with the
compounds being used in the synthesis of new screening
candidates for drug development.
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