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tothioamides with elemental
sulfur under solvent-free conditions in a mixer mill†

Chandan Chittapriya Sahu, Sourav Biswas, Renè Hommelsheim
and Carsten Bolm *
A mechanochemical base-mediated synthesis of a-ketothioamide

from readily available acetophenone derivatives is developed. The

reaction is metal-free, solventless, and proceeds in a short reaction

time. Importantly, the products differ from those formed under

standard solution-based protocols.
Introduction

Organosulfur compounds are structurally diverse and widely
used as pharmaceuticals1 and crop protecting agents.2 Among
them, thioamides and a-ketothioamides have attracted partic-
ular attention as interesting building blocks for a large variety of
sulfur-containing compounds and natural products.3 A repre-
sentative direct application was reported by Frédérick and co-
workers, who found inhibitory activities of a-ketothioamide
derivatives on phosphoglycerate dehydrogenase (PHGDH) with
implications for cancer cell proliferation.4

Three recent methods for accessing a-ketothioamides are
shown in Scheme 1. The rst (a) is an iron-catalysed oxidative
Willgerodt–Kindler-type reaction,5–7 which is of interest because
it involves a combination of simple starting materials such as
methyl ketones, elemental sulfur,8 and dioxygen. However, for
achieving satisfying results, signicant amounts of the metal
catalyst, an elevated temperature, and an extended reaction
time are required limiting the synthetic attractiveness of this
process. An advanced version of this method is solvent-free, but
relies on sonication at 80 °C for 5 h and the use of an ionic
liquid (IL)-modied iron nanoparticle catalyst (Fe3O4@IL-
ZnCl2), which is time-consuming to prepare following a multi-
step procedure.9 In the second approach towards a-ketothioa-
mides (b), sulfoxonium ylides are used as starting material.10

The method is of interest because it neither needs a metal
chen University, Landoltweg 1, D-52074

.rwth-aachen.de; Tel: +49 241 80 94 675

tion (ESI) available. See DOI:

–42
catalyst, nor a base or additive. However, the ylides are
commonly prepared from the corresponding acyl chlorides and
THF is used as organic solvent, which both can be critical for
large-scale applications. The third recently published method
(c) makes use of a pre-prepared starting material as well, and
also in this case, an organic solvent and high temperature are
essential.11 Other methods follow analogous strategies, mostly
by activating the methyl group of an acetophenone moiety or by
starting from preformed a-functional ketones.3c,8a,12

Over the last two decades, mechanochemical techniques
have gained increasing attention in the eld of organic
synthesis, and in numerous studies it has been demonstrated
that their applications can facilitate reactions, alter product
compositions, lead to shorter reaction times, allow lower reac-
tion temperatures, and improve sustainability metrics
compared to solution-based protocols.13 Thus, mechanochem-
istry is in accordance with the 12 principles of green chemistry,
and in 2019 IUPAC selected it as one of the 10 world-changing
innovations.14 Herein, we report a simple mechanochemical
approach towards a-ketothioamides. It is metal- and solvent-
Scheme 1 Recent methods for the preparation of a-ketothioamides.
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Table 1 Optimisation of the reaction conditionsa

Entry Jar Time (min)
2a
(equiv.) Additives (equiv.)

Yield of 3aa
(%)

1b SS 60 1.2 — 5
2 SS 60 1.2 — 10
3b SS 60 1.2 HBF4–SiO2 (0.05) 9
4b SS 60 1.5 K2CO3 (0.1) 5
5b SS 60 1.5 p-TSA (0.1) Trace
6b SS 60 1.5 Na2S (0.1) Trace
7b SS 60 1.5 CuCl2 (0.1) Trace
8c SS 60 1.5 — Trace
9 SS 60 2 I2 (1.5) Trace
10 SS 60 2 NIS (1.5) —
11b SS 90 2 — 5
12d SS 90 3 NaOH (5) 26
13 SS 90 3 NaOH (5) 49
14 PTFE 90 3 NaOH (5) 40
15 ZrO2 90 3 NaOH (5) 34
16 WC 90 3 NaOH (5) 50
17 SS 90 3 KOH (5) 48
18 PTFE 90 3 KOH (5) 51
19 ZrO2 90 3 KOH (5) 52
20 WC 90 3 KOH (5) 57
21 WC 90 3 KOH (6) 85
22 WC 90 3 KOH (7) 82
23 WC 90 2.5 KOH (6) 72
24e WC 90 3 KOH (6) 74
25 WC 60 3 KOH (6) 58
26f WC 60 3 KOH (6) 59
27 WC 120 3 KOH (6) 80

a Reaction conditions: a mixture of 1a (1 mmol), 2a, S8 (9 mmol), and
silica gel (300 mg) were ground in a mixer mill at frequency of 25 Hz
at rt in air. The yields refer to isolated amounts of 3aa. b Without
grinding auxiliary. c Use of NaSH (2 mmol) instead of S8.

d Use of
NaCl (300 mg) as grinding auxiliary. e Use of 8 mmol of S8.
f Performed at 30 Hz frequency.
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free and allows to convert readily available acetophenone
derivatives into the target compounds in a single step aer
a short reaction time. Noteworthy, the products deviate from
the ones observed in solution using the same starting materials.
Compared to the existing technology, the protocol is simple, the
experiments are easy to perform, and neither high temperature
nor other harsh conditions are required. Finally, to the best of
our knowledge, this is only the second time that elemental
sulfur was used in a mechanochemically activated organic
synthesis.15–17 Further studies focused on the use of Lawesson's
reagent as a sulfur surrogate in the synthesis of thioamides and
thiolactams in the ball mill.18

Results and discussion

Initially, we intended to perform a standard Willgeroth–Kindler
(WK) reaction6 under mechanochemical conditions. Thus,
starting from acetophenone (1a), morpholine (2a), and
elemental sulfur, we expected to obtain thioamide 4aa as major
product.19 However, when these components were ground in
a 10 mL stainless-steel jar with one ball (10 mm ø) of the same
material for 60 min at 25 Hz in a mixer mill, 4aa remained
undetected, and instead, a-ketothioamide 3aa was formed,
albeit in only a small amount (5% of isolated product, Table 1
entry 1). The addition of silica gel (230–400 mesh) as a grinding
auxiliary led to a slight increase in the product yield (10%, Table
1, entry 2). The presence of other acidic,20 basic or metallic
additives had no signicant effect, and the yields of 3aa
remained low (Table 1, entries 3–7). Substituting elemental
sulfur by NaSH did also not lead to an improved product
formation (Table 1, entry 8). With the intention to activate the
ketonic methyl group by iodination, elemental iodine and NIS
were added,21 but neither of both compounds had a positive
effect on the formation of 3aa (Table 1, entries 9 and 10).
Substitution of SiO2 by NaCl as grinding auxiliary showed no
improvement and multiple spots on the TLC plate were
observed (Table 1, entry 11). The rst signicant improvement
in the formation of 3aa was observed, when NaOH was added to
the reaction mixture (Table 1, entry 12). At the same time, the
reaction time was extended from 60 min to 90 min, and the
amount of 2a was increased from 1.5 or 2 equiv. to 3 equiv.
Under those conditions, 3aa was obtained in 26% yield (Table 1,
entry 12). Again, the addition of silica gel had a positive effect on
the yield of 3aa (Table 1, entry 13). Other jar and ball materials
affected the product formation as well (Table 1, entries 13–16)
with tungsten carbide (WC) being superior over the others
(Table 1, entry 16). The same trend was observed when NaOH
was replaced by KOH (Table 1, entries 17–20), albeit to a lesser
extent. The use of WC proved best leading to 3aa in 57% yield
(Table 1, entry 20). Until this stage, 5 equiv. of the base had been
added. Increasing the amount of KOH to 6 equiv. had a positive
effect on the formation of 3aa, which was now obtained in 85%
yield (Table 1, entry 21). Further variations in reaction time,
milling frequency, and reagent amounts affected the reaction
outcome, but in general, the impact was minor (Table 1, entries
22–27). Thus, the optimal conditions involved the use of 3
equiv. of 2a with respect to 1a, 9 equiv. of S8, 6 equiv. of KOH
© 2024 The Author(s). Published by the Royal Society of Chemistry
and SiO2 as grinding auxiliary to be ground in a mixer mill with
WC equipment at a frequency of 25 Hz for 90 min (Table 1, entry
21).

With the optimized reaction conditions in hand (Table 1,
entry 21), several acetophenone derivatives were tested in
combination with morpholine (2a) as representative reaction
partner. The results are shown in Scheme 2. In general, the
reactions proceeded smoothly, providing the corresponding a-
ketothioamides (3aa–ma) in moderate to good yields (32–85%).
The only exception was p-nitro-substituted acetophenone 1n,
which did not give any of the expected a-ketothioamide 3na. A
uniform trend on the reaction process and outcome induced by
electronic and steric substitution effects could not be identied.
Noteworthy, also methyl ketones with heteroarenes reacted well
leading to products 3ja–la in yields ranging from 42–73%.
RSC Mechanochem., 2024, 1, 38–42 | 39
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Scheme 2 Scope of acetophenone derivatives. Conditions as
described in Table 1, entry 21, yields after column chromatography.
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Purely aliphatic cyclohexyl methyl ketone (1m) gave a-keto-
thioamide 3ma in 33% yield.

Next, the substrate scope with respect to the amine was
explored. Acetophenone (1a) served as representative coupling
Scheme 3 Scope of cyclic amines. Conditions: Table 1, entry 21; yields
after column chromatography.

40 | RSC Mechanochem., 2024, 1, 38–42
partner. The results are summarised in Scheme 3. Also in these
cases, the transformations proceeded well as long as secondary
amines were applied. Thus, pyrrolidine (2b), piperidine (2c), and
azepane (2d) reacted with 1a to give the corresponding a-keto-
thioamides 3ab–ad in yields of 68%, 57%, and 49%, respectively.
Products 3ae and 3af were obtained from 4-methylpiperidine (2e)
and N-methylpiperazine (2f), respectively, and the yields were
61% and 50%. Finally, 1,2,3,4-tetrahydroisoquinoline (2g) affor-
ded 3ag in 49% yield (as amixture of 2 conformational isomers in
a ratio of 2 : 1). Attempts to use secondary (diethyl amine and
dibutyl amine) or primary amines (aniline, 4-isopropylaniline,
and p-toluidine) remained unsuccessful leading to complex
inseparable product mixtures as revealed by TLC.

To gain mechanistic insight, several control experiments
were conducted, and the results are depicted in Scheme 4.

As described before, the optimised protocol gave 3aa in 85%
yield. In order to determine if 3aawas formed via 4aa by a break/
rebuild mechanism as described by Nguyen and Retailleau (and
proposed for the WK reaction),5 the reaction was performed
under a strict exclusion of dioxygen. Thus, the reagents were
lled into the reaction vial in a glove box, and aer lling the
container with argon, the jar was tightened with a Teon tape.
As a result, this protocol gave 3aa in 75% yield, suggesting that
dioxygen did not play a signicant role in the product forma-
tion. Experiments performed in the presence of 1 equiv. of
TEMPO or BHT gave 3aa in 76% and 49% yield, respectively.
Assuming that the latter yield reduction (from the common 85%
to 49%) could be attributed to an insufficient mixing of BHT
with the other reaction components, we conclude that radicals
(including dioxygen) were of low (if any) relevance in the
product formation. Furthermore, all attempts to identify 4aa in
the product mixture (by MS analysis) failed. Independently
prepared 4aa did not give 3aa under the standard conditions.
The notion that the formation of 3aa did not follow a standard
WK pathway was further supported by the nding that propio-
phenone (5), which is a commonly well-behaved substrate in
WK processes, reacted sluggish under the optimised reaction
conditions (Table 1, entry 21) leading to an inseparable mixture
of unidentied products (as shown by TLC and NMR analysis).
In the absence of sulfur or morpholine, no reaction occurred
and acetophenone was the only detectable compound.

Based on these results and in line with a previous sugges-
tion,22 we propose the reaction sequence shown in Scheme 5.

Supported by KOH,methyl ketone 1 undergoes smooth keto–
enol tautomerisation, and the reaction with sulfur provides
intermediate B via A. When B reacts with amine 2, acyl iminium
Scheme 4 Control experiments.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Proposed mechanistic pathway.
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C is formed, which reacts with an anionic sulfur species
providing product 3 aer loss of H2S and a shorter sulfur frag-
ment from D.23

Conclusions

In summary, we developed a mechanochemical method for
synthesising a-ketothioamides. It is easy to perform, makes use
of readily available starting materials, including elemental
sulfur, is solvent- andmetal-free, and proceeds in short reaction
times. The process is reminiscent to solution-based Willgeroth–
Kindler reactions, but leads to different products from the same
starting materials. Control reactions suggest alternative mech-
anistic pathways, which do not require dioxygen.
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F. Grepioni, K. D. M. Harris, G. Hyett, W. Jones, A. Krebs,
J. Mack, L. Maini, A. G. Orpen, I. P. Parkin,
W. C. Shearouse, J. W. Steed and D. C. Waddell, Chem. Soc.
Rev., 2012, 41, 413–447; (v) A. Bruckmann, A. Krebs and
C. Bolm, Green Chem., 2008, 10, 1131–1141; (w)
B. Rodriguez, T. Rantanen, A. Bruckmann and C. Bolm,
Adv. Synth. Catal., 2007, 349, 2213–2233.

14 (a) F. Gomollón-Bel, Chem. Int., 2019, 41, 12–17; (b)
K. J. Ardila-Fierro and J. G. Hernández, ChemSusChem,
2021, 14, 2145–2162.
42 | RSC Mechanochem., 2024, 1, 38–42
15 For the use of S8 in Gewald-type reactions, see:
W. C. Shearouse, M. Z. Shumba and J. Mack, Appl. Sci.,
2014, 4, 171–179.

16 For representative examples of mechanochemical reactions
with S8 in other elds, see: (a) W. Yuan, J. Li, Q. Zhang
and F. Saito, Powder Technol., 2012, 230, 63–66; (b)
R. Borges, A. R. Sotiles, A. S. Giroto, G. G. F. Guimarães,
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R. A. Toscano and J. G. Penieres-Carrillo, Can. J. Chem., 2012,
90, 567–573; (b) W.-W. Liu, Y.-Q. Zhao, R.-B. Xu, L.-J. Tang
and H.-W. Hu, Chin. J. Chem., 2006, 24, 1472–1475.

20 For an application of HBF4–SiO2 in a setting as in Table 1,
entry 3, see: B. P. Bandgar, S. S. Gawande, S. C. Warangkar
and J. V. Totre, Bioorg. Med. Chem., 2010, 18, 3618–3624.

21 (a) M. L. N. Rao and D. N. Jadhav, Tetrahedron Lett., 2006, 47,
6883–6886; reviews: ; (b) M. J. Mphahlele, J. Chem. Res., 2010,
34, 121–126; (c) N. Ajvazi and S. Stavber, Compounds, 2022, 2,
3–24.
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