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Cyanation of aryl halides using potassium
hexacyanoferrate(n) via direct mechanocatalysis¥
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A cyanation reaction was performed inside a ball mill system utilizing catalytically active milling balls, while

avoiding the use of solvents and ligands. Additionally, replacing the highly toxic cyanide source with
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potassium hexacyanoferrate(i) leads to a safer reaction environment. Yields of up to 90% were achieved

in as little as 4 hours at room temperature. The oxidative addition and transmetalation step could be
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Introduction

Cyano-containing compounds are useful building blocks that
are applied in a wide range of syntheses, for example, phar-
maceuticals, agrochemicals, and dyes."* Due to its dominant
electron-withdrawing properties, the cyano group can be used
as a versatile functional group to modify the reactivity of
molecules. Despite its great importance in organic synthesis,
the classic cyanide reactions have the critical drawback of
inevitably using highly toxic cyanide sources. For example, the
Sandmeyer reaction, which is a typical method for the cyanation
of aryl groups, involves the use of copper(1) cyanide.?

Several publications have since emerged aiming to replace
the hazardous cyanide agent with the significantly safer alter-
native potassium hexacyanoferrate(u) (Scheme 1) that is used as
a food additive.* After pioneering work by Beller's group in 2004,
Frech research group employed a well-known cross-coupling Pd
catalyst, dichloro[bis{1-(dicyclohexylphosphanyl)piperidine}]
palladium, to convert versatile aryl bromides into aromatic
nitriles.>® Nakao and Hiyama's research group introduced
a carbocyanation reaction that yields a diverse range of acrylo-
nitriles by introducing acetonitrile as the cyanide source.” In
another approach Cabanetos and co-workers employed a mild
p-wave synthesis approach to modify dibromo benzothiox-
anthene imide derivatives, resulting in the formation of two
regioisomeric nitrile products.®

Beyond the success achieved in developing less harmful
pathways for cyanation reactions, our group found that there
remains room for further improvement. For instance, the use of
solvents that contribute to the main waste stream and the
incorporation of catalytic metal salts along with their
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observed via X-ray photoelectron spectroscopy (XPS) and powder X-ray diffraction (PXRD) analysis,
respectively, giving a first indication of the mechanism of this mechanochemical reaction.

supporting ligands, which are neither cost-effective nor recy-
clable, present notable challenges. Mechanochemical ball
milling holds great promise as an approach to tackle these
challenges primarily due to the solvent-free system, or signifi-
cantly reduced solvent uses in certain instances.’ In 2018, the
Bolm group successfully utilized the redox mediator properties
of K;[Fe(CN)e] and K,[Fe(CN)s]-3H,0 via a Strecker-type reac-
tion inside a ball mill, generating a-aminonitriles based on
different milling conditions in a solvent-free environment.'®
Recently, a cyanation reaction using potassium hex-
acyanoferrate(i) was reported using an electromagnetic mill.**
This approach allowed successful conversion of 4-bromoaceto-
phenone under liquid assisted grinding (LAG) conditions as
well as gram scale reactions.” Despite sustainable aspects in
those previous findings, the above reports still involve the use of
salt catalysts or ligands such as Pd(OAc), or Ni(cod),, and
xantphos.

A - Classical Cyanation of Aryl Halides B - K [Fe(CN);] as a Cyanating Agent
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Scheme 1 Cyanation of aryl halides. (A) Early developed transition
metal catalyzed cyanation of aryl halides. (B) First reported potassium
ferrocyanide-based cyanation of aryl halide by Beller's group. (C)
Proposed model scheme of direct mechanochemical cyanation
reaction using potassium ferrocyanide.
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In ongoing efforts to maximize the utility of the ball mill
system, our group is actively exploring the utilization of cata-
lytically active milling equipment (e.g., Pd vessel or Pd balls).*>**
This effort allows us to conveniently and efficiently recycle the
catalyst as well as avoiding the need for expensive ligands. This
concept is referred to as “direct mechanocatalysis (DM)”.** In
this study, we apply this concept to the advancement of
a sustainable and efficient synthetic route for the cyanation
reaction.

Results and discussion

We selected 4-iodoanisole as a coupling partner of potassium
hexacyanoferrate(u) due to its low toxicity and electron-donating
properties, making it a suitable model reactant. Potassium
carbonate was initially chosen as a bulking material because it
has been frequently used as a base in previously reported
approaches for cyanation reactions using potassium hex-
acyanoferrate(u)."” K,CO; (1 g), 4-iodoanisole (0.5 mmol),
potassium hexacyanoferrate(n) (1 mmol), and a Pd ball were
placed inside a 14 mL perfluoroalkoxy alkane (PFA) vessel. After
4 h of milling at 35 Hz in an MM500 vario mixer mill (Retsch
GmbH), the entire reaction mixture was subjected to liquid-
liquid extraction using water and dichloromethane (DCM). The
yield was analysed via 'H nuclear magnetic resonance (NMR)
spectroscopy using dibromomethane as an internal standard.
The quantitative "H NMR analysis showed a yield of 40%,
confirming the feasibility of the cyanation reaction with potas-
sium hexacyanoferrate(n) under solvent-free ball milling
conditions.

Building upon these promising findings, we conducted in-
depth investigations into the chemical reaction parameters to
optimize the yield. We initiated our investigations with reaction
scale control experiments (Fig. 1A). Given the nature of DM,
where reactions occur on the surface of the catalytically active
milling ball,*® this parameter not only influences the catalyst
concentration but also the energy dissipation and transfer
within the reaction medium."” Within the range of 0.25 mmol to
1.5 mmol, 0.25 mmol was determined to be the most effective
condition, resulting in a yield of 59%, while the yield decreased
with increasing reaction scale, consistent with the lower
apparent catalyst concentration.

Subsequently, the effect of bulking material was investigated
(Fig. 1B). In the absence of the bulking material, no reaction
took place; however, using 0.25 g of bulking material resulted in
67% yield, which suggests that absence of basicity during the
reaction attributed to no product being formed rather than the
amount of bulking material used. Among the choice of bulking
materials, K3PO, provided moderately higher yield compared to
the initial approach of using K,CO;. A general trend was
observed, wherein potassium-based inorganic bases exhibited
better yields compared to sodium-based salts, consistent with
the HSAB (hard and soft acids and bases) theory. Simulta-
neously, the level of basicity also appeared to play an important
role in this system. Potassium phosphate mono-, di-, and tri-
basic compounds followed the pattern of higher basicity

leading to better yields. Conversely, KOtBu and KClI
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Fig.1 Parameter screening in the direct mechanochemical cyanation
reaction and control experiments: (A) reaction scale; (B) bulk
screening; (C) equivalents of potassium hexacyanoferrate(i). Released
CN™ in the right Y axis indicates the minimum required number of
released CN™ ligands per potassium hexacyanoferrate(i) to reach the
yield; (D) frequency screening (R? = 0.96); (E) reaction conditions: 20—
35 Hz; 2-4 h; RT.-100 °C; iodoanisol (0.25 mmol); 1 g of KzPOy;
0.25-3.0 equiv. of K4[Fe(CN)¢l. Yields were determined via H-NMR
analysis using dibromomethane as an internal standard.

demonstrated that excessively high or absent basicity did not
contribute to the formation of the product. Overall, it was
deduced that potassium-containing bases with pKa values
greater than 7 are required to achieve good yields.

The next investigation was focused on determining the
optimal number of equivalents of potassium hex-
acyanoferrate(u) (Fig. 1C). Using the right amount of potassium
hexacyanoferrate(n) is particularly significant in preventing the
formation of catalytically inactive Pd(u)-cyano complexes, as
observed in previously reported classical solvent-based
approaches.® Interestingly, the yield already reached nearly

© 2024 The Author(s). Published by the Royal Society of Chemistry
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80% wupon using only 0.25 equiv. of potassium hex-
acyanoferrate(u). In contrast to the solution-based approach,
cyanation in ball milling could achieve a high degree of utili-
zation of the CN-ligands from potassium hexacyanoferrate(n)
without the need for elevated temperatures. Despite the
decrease in atom economy with the introduction of a larger
number of equivalents of potassium salt, we chose to further
investigate with 2 equiv. as we prioritized yield at this point.

After investigating the chemical parameters, we turned our
attention to the technical parameters to further optimize the
protocol (Fig. 1D and E). Initially, we conducted a small
screening to establish the required reaction time (Fig. 1E,
entries 1-3). While 2 hours resulted in a 70% yield of the
product, 4 hours of milling time was necessary to achieve
a satisfactory yield of 90%.

Furthermore, we investigated reactions at various milling
frequencies, as they are dominant factors in providing
mechanical energy input and a higher number of cycles to
refresh the surface of the Pd ball, thereby accelerating the
reaction rate (Fig. 1D). These results showed that 29 Hz is the
apparent threshold milling frequency for this reaction, as only
negligible yields were observed below that point. Subsequently,
the yield increases linearly with the milling frequency until it
reaches 90% at 35 Hz. This linear increase correlates nicely with
the number of impacts between the wall and the ball, assuming
optimal movement of the milling ball.

Reactions with decreased amounts of bulk material (Fig. 1E,
entries 3-5) were conducted to further investigate the impact of
mechanical energy. A higher amount of bulk material leads to
a more extensive distribution of the mechanical energy applied
to reactants, while a lower amount of bulk material is expected
to provide higher energy input to reactants during the given
milling time. However, as the amount of bulk material is
reduced, the yield also decreases. Combined with the results of
reaction scale control experiments (Fig. 1A, entries 1-4), it can
be deduced that factors possibly hindering the reaction are not
related to the introduction of mechanical energy. This is likely
due to the limited catalytic surface area that the Pd ball provides
during milling.

Subsequently, elevated temperatures were applied to the
system, as thermal energy is necessary to activate the stable
potassium hexacyanoferrate(u) to release cyanide, in the case of
solvent-based systems. We utilized a custom-made heating
jacket on the MM400 mixer mill (Retsch GmbH) to conduct
thermal control milling experiments at a frequency of 30 Hz
(Fig. 1E, entry 6). To investigate the necessity and efficiency of
introducing heat compared to reactions at room temperature,
2 h and 4 h of milling time were applied. While the yield is
slightly superior to that in room temperature experiments after
2 h at 30 Hz (58% vs. 38% for 4 h at R.T.), the yield starts
decreasing with prolonged milling time, hinting at thermal
decomposition or side reactions occurring under these condi-
tions. Contrary to the conventional solvent-based approach,
rather mild chemical and mechanical parameters are sufficient
to activate potassium hexacyanoferrate(u), resulting in excellent
yields, and applying excess thermal energy, along with the
associated extra energy consumption, is not necessary. In

© 2024 The Author(s). Published by the Royal Society of Chemistry
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addition to these discoveries, we conducted a screening of
several LAG (liquid assisted grinding) additives; however,
introducing solvent into this system proved to be ineffective
(Table S17).

We further studied the reactivities of diverse aryl halides
under the optimized conditions (Fig. 2A). Overall, this cyanation
system was found to be more applicable to substrates with less
perturbing properties to the aromatic system of aryl halides.
Electron-donating functional groups at ortho positions and the
1-naphthalene moiety showed moderate to excellent yields
(entries 1-4 and 5-8). Interestingly, the substrates containing

Substrate Scope

n ¢ Pd ball, KsPO,
X X + \ 4/ 14 mL PFA vessel N
R 4K* | N=—Fe'-=N =
(s / “\ <«— @ — RE
N// \\N 35Hz,4 h,R.T.

NMR yield
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Entry

1 | 9 s
2 3-OMe | 42(37)
3 2-OMe | 79(78)
4 4-OMe Br Trace
5 1-lodonaphthalene!! | 95(88)
6 4-Me 1 53(37)
7 3-Me | 30(25)
8 2-Me 1 30(29)
9 4-NH, | 57(51)
10 4-CFs | Trace
1" 4-COOH | Trace
12 4-NO2 | Trace
13 -H Br Trace
14 -H Cl Trace
15 -H | 46(11)
16 4-lodopyridinel® | Trace
[a] Starting substrate
M Various Pd Sources
Reaction : Milling .
Entry Scale (mmol) Pd source / ball material Time (h) Yield (%)
1 0.25 Pd ball 4 80
0.25 Pd / plated 4 37
3 0.25 Pd black/S.S. 4 56
4 0.25 Pd(0)onC/S.S. 4 trace
5 0.25 Pd(OAc)/ S.S. 4 25
6 0.25 Pd black / ZrO2 4 8
7. 0.25 Pd(0) on C/ZrO2 4 trace
8 0.25 Pd(OAc). / ZrO2 4 trace
9lal 0.25 Pre-milled Pd ball / ZrO2 4 trace
[a] Pre-milling experiment illustrated in Fig. 2(D)

Control Experiments: Pre-milling of Pd ball
1. Pre-milling of Pd ball

O-0O-O

Pre-milling of a Pd ball
with K,PO,for4 h

Pd ball exchanged to Milling continued for4 h
ZrO, ball, Substrates added - Trace amount of product

2. Impact of Pd ball mass

Reaction KsPO4 Pd ball Millin :
Enty Scale (mmol) (9) weight (g) Time (g) XL,
1 0.25 1.0 42g 4 90
2 0.25 1.0 32g 4 79
3 0.25 1.0 22g 4 12
4 0.25 1.0 13g 4 3
Fig.2 (A) Summary of substrate scope and (B) different types of Pd ball

and Pd salts; (C) control experiment using iodoanisole as an aryl halide
and a 10 mm ZrO, milling ball; reaction conditions: 35 Hz; aryl halide
(0.25 mmol); 1 g of K3sPOy; 2.0 equiv. of K4[Fe(CN)gl; 10 mol% of Pd
catalysts. Yields were determined via *H-NMR analysis using dibro-
momethane as an internal standard.
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electron withdrawing groups (entries 10 and 11) did not lead to
the formation of the product, despite their known ability to
enhance the electrophilicity of aryl halides. Additionally, only
iodides yielded a product under our conditions, while bromides
and chlorides (entries 12-14) did not undergo any reaction. In
case of entry 15, the isolated yield of benzonitrile significantly
decreased compared to the NMR yield due to its volatile nature.

Additionally, we examined the role of the catalyst in the
reaction. To do so, we conducted several control experiments to
further investigate the direct mechanocatalytic performance of
the Pd ball. Firstly, two types of Pd balls were employed (Fig. 2B,
entries 1 and 2): a pure Pd ball and galvanostatically coated Pd
ball.*® Despite the cost-saving advantages of using a cheaper
inert stainless-steel ball as the coating body for the Pd layer, the
coating's durability did not endure throughout the milling
process, resulting in a yield of only 37% (Fig. S1t). Abrasion was
also observed for the pure Pd ball (3-5 mg per reaction,
Fig. S21), necessitating an assessment of the reactivity of
potential Pd particles in the reaction (Fig. 2C).*® As a reference
experiment, the Pd ball was pre-milled with 1 g of K;PO, for 4
hours to induce abrasion similar to a standard reaction.
Subsequently, reactants were added for further milling with an
inert 10 mm ZrO, ball (approximately 3.3 g), which replaced the
Pd ball to provide mechanical energy to the reaction. Four hours
of continued milling in the presence of abraded Pd powder did
not result in the desired product, indicating that abraded Pd
particles did not catalyse the reaction. To rule out differences in
weight between the Pd and ZrO, balls as a potential source of
these differences, we utilized Pd balls of varying mass and
surface area (Fig. 2C, entries 1-4). Utilizing a 3.2 g Pd ball led to
a79% yield, comparable to the standard condition (4.2 g), while
masses of 2.2 g and 1.3 g showed negligible yields. Moreover,
the inclusion of common Pd catalysts (Fig. 2B, entries 3-8) in
a ball milling system with inert milling balls failed to produce
significant yields. Only Pd black in combination with a stain-
less-steel ball exhibited a moderate yield of 56%.

Furthermore, the reaction mixtures, including those in pre-
milling experiments, were analyzed via XPS measurements.
When the Pd ball was milled with potassium phosphate to
induce abrasion, this mixture only contained Pd(0) (335.6 V)
(Fig. S37), which was inactive in our reference experiments. On
the other hand, milling the Pd ball in the presence of iodoani-
sole and potassium phosphate led to the formation of a Pd(u)
species (338 and 338.9 eV), confirming the formation of the
oxidative addition product (Fig. S41), but also indicating the
leaching of Pd from the ball into the reaction mixture. This was
also confirmed for the reaction mixture of the optimized
protocol (Fig. 1E, entry 3), which contained both Pd(0) (355.6
eV) and Pd(u) species (338 and 338.9 eV) (Fig. 3A), indicating
that abraded Pd(0) powder could be converted into active Pd(u)
during the reaction, which is also supported by the experiments
with Pd black (Fig. S57).

To study the formation of inactive Pd(u) species, we added
two different quantities of potassium hexacyanoferrate(n) to
a mixture containing the aryl-Pd(u) (Fig. S61). In both cases of 1
equiv. and 2 equiv., two different Pd(u) species were found and
no signal of Pd(0) was detected. However, using 1 equiv. of
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Fig. 3 (a) XPS analysis of the reaction mixture under the optimized
reaction conditions (Fig. 1(E), entry 3). (b) Time dependent PXRD
analysis of the optimized reaction conditions (Fig. 1(E), entry 3).

potassium hexacyanoferrate(n) resulted in a 72% yield, while 2
equiv. of potassium ferrocyanide yielded no product. This
indicates the possibility of excess hexacyanoferrate(u)
consuming the reactive Pd(u) in the mixture to form an inactive
Pd(u) species such as Pd(CN),. From these results, we can
deduce that the abraded Pd(0) species becomes active when
milled with iodoanisole in the absence of a CN source,
promoting the formation of the oxidative addition product. On
the other hand, in the presence of excess potassium ferrocya-
nide, the inactive Pd(CN), complex is formed, resulting in the
quenching of the catalytic cycle.

After investigating the oxidative addition, PXRD analysis was
conducted to elucidate the transmetallation step of the cyana-
tion reaction (Fig. 3B). We observed the formation of potassium
iodide starting after about 2 hours of milling, with the intensity
of the reflections increasing with extended reaction time. This
observation supports the ligand exchange between the arylpal-
ladium intermediate and potassium hexacyanoferrate(u).

Conclusions

In conclusion, we present a mechanochemical ball mill system
that offers a promising and sustainable method for cyanation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reactions, eliminating the need for solvents and toxic cyanide
sources while providing high yields of up to 90% in 4 hours. By
employing potassium hexacyanoferrate(u) as a safer alternative
and utilizing a catalytically active Pd ball, this approach not only
enhances the environmental friendliness of the process but also
ensures a safer reaction environment. We studied the influence
of several chemical and process parameters on the reaction and
established that with as little as 0.25 equiv. of potassium hex-
acyanoferrate(u), yields of up to 80% are possible. While high
temperatures are usually employed in solution, the mechano-
chemical reaction proceeds at room temperature. Furthermore,
we studied several other catalysts, but none could exceed the
performance of the utilized Pd balls. However, compared to
conventional synthetic approaches, this system exhibited
a more limited range of substrates capable of achieving
moderate to high yields. Analyzing the reaction mixture with
XPS confirmed the occurrence of the oxidative addition step.
Additionally, the transmetalation step could be observed by
PXRD, further contributing to the mechanistic understanding
of the mechanochemical reaction.
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