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Liquid-assisted mechanochemical synthesis of
thioamide building blocks with the Lawesson
reagent: ex situ monitoring and detection of
intermediate polymorphs

a
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and Eusebio Juaristi (2 *ab

Thioamidation of various classes of carboxamide substrates with Lawesson's reagent under liquid-assisted
mechanical activation for the synthesis of relevant building blocks including aromatic thioamides,
thiopeptides, thiolactams, and thioenones is described. A thorough analysis of the effect of the specific
material of milling jars and milling balls was carried out. The effect of different additives for liquid-
assisted grinding (LAG) and the potential of the synthetic protocol for scale-up were explored. The
simple and mild reaction conditions involved in this solvent-minimized mechanochemical protocol
proved rather effective with a wide variety of substrates. Comparison with the corresponding reactions in
solution shows comparable or better yields under mechanochemical activation. Ex situ powder X-ray
diffraction (PXRD) monitoring with analysis at multiple points was performed in order to compare the
diffraction patterns of reagents and products, to detect potential morphological changes of the reagents
induced by milling prior to the reaction, and to perceive the occurrence of phase transitions during the

rsc.li/RSCMechanochem mechanochemical reaction.

Introduction

Organic compounds containing the thiocarbonyl function,
especially thioamides and thiopeptides, are encountered in
numerous molecules of pharmaceutical interest, as well as in
agrochemicals, cosmetics, adhesives, lubricants and corrosion
inhibitors, among others.'”® Importantly, in the pharmaceutical
industry various thiocarbonyl-containing compounds have
been found to be effective in the treatment of diseases such as
hypothyroidism* and tuberculosis.® Thus, not surprisingly, the
interesting pharmacological properties achieved upon substi-
tution of oxygen by sulfur in carbonyl-containing compounds
have aroused special interest in medicinal chemistry.*” On the
other hand, the notable efficiency of chiral thiopeptides as
organocatalysts in asymmetric synthesis has been recently
demonstrated.®™

In this context, it is known that the carbonyl group in cyclic
and acyclic amides is usually more readily transformed into the
corresponding thiocarbonyl group relative to other common
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carbonyl derivatives such as ketones, esters and anhydrides.*?
Consequently, several synthetic procedures have been devel-
oped for the preparation of thioamides from amides, using
various reagents under appropriate reaction conditions. More
generally, thioamides are prepared by two synthetic strategies,
namely redox and non-redox transformations. Redox trans-
formations with thioacylating reagents include the classical
Willgerodt-Kindler reaction® and its variations."** In addition,
iodine-catalyzed oxidative coupling’® or reactions involving
dimethyl sulfoxide (DMSO) as an oxidizing agent and sulfur as
a catalyst'” have been documented. Non-redox transformations
include thionation (either direct or following prior electrophilic
activation) of carboxamides with sulfurizing agents such as
hydrogen sulfide (H,S),”® phosphorus pentasulfide (P,Ss),*
bis(trimethylsilyl)sulfide,*® rhodanine* or Lawesson's reagent
[2,4-bis(4-methoxyphenyl)-1,3-dithia-2,4-phosphetane-2,4-
disulphide].>>**

Of special interest in the present work, Lawesson's reagent
has been employed in numerous thionation reactions under
gentle reaction conditions.?*** Relevantly, Lawesson's reagent is
notably effective with amide substrates, requiring short reaction
times and affording high yields of thiocarbonyl derivatives.>*>¢
Lawesson's reagent is usually applied in solution with organic
solvents such as benzene, toluene, xylene or pyridine, methy-
lene chloride, tetrahydrofuran, acetonitrile or 1,4-dioxane, all of
which are notoriously toxic.>” Alternative techniques making
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use of microwave activation have been successfully developed,
either in solution*®* or under neat conditions.***" In this
context, activation by means of sonication has also been
employed to carry out thioamidation reactions.*” Nevertheless,
there is still a need to set forth synthetic alternatives that could
have lower environmental impact.

Mechanochemical activation®*’
attractive alternative to carry out sulfuration reactions, as this
technique has proved sustainable and particularly friendly to
the environment as it eliminates or at least greatly reduces the
use of solvent. Furthermore, mechanochemical reactions
usually take place at shorter reaction times and with reduced
energy consumption. Furthermore, mechanochemical activa-
tion enables the manipulation of insoluble reactants as well as
air- and water-sensitive reagents.

In the context of the present report, very recently Bolm's
group*® reported the use of mechanochemistry to obtain a-
ketothioamides from acetophenone derivatives employing
elemental sulfur under metal and solvent-free mechanochem-
ical activation in a ball mill (Fig. 1).

Also central in the field of mechanochemical sulfidation
protocols is the work of Kotyk and co-workers, who prepared
several thiolactams and thioamides by means of Lawesson's
reagent under mechanical activation.*

Nevertheless, leading players in the field of mechanochem-
istry have stressed the urgent need for a less empirical, more
rational development of the technique.****

In particular, in the year 2013, Boldyreva emphasized the
importance of understanding the effects of treatment using
various mechanical devices (vibrational or planetary mills, twin
screw extruders, etc.) on solid-state properties and reactivity.>
In this regard, mechanical action can cause damage to and
induce phase transitions in solid substrates, altering their
morphology and crystallinity upon milling.>*-**

On the other hand, Fris¢i¢, Emmerling, and Hernandez and
their co-workers pointed out the fact that little attention has
been paid to determine the mechanistic aspects of mechano-
chemical reactions, that are not necessarily similar to solution
chemistry.>>*%-%*

In this regard, since mechanochemical reactions are carried
out in the solid-state, it would be informative to know if poly-
morphic changes occur upon milling. Therefore, monitoring of
mechanochemical processes is important for the identification
of short-lived intermediates.®>** Importantly, Emmerling and
co-workers established that the stability of polymorphic species
depends strongly on the material of the milling vessel.>*>*

As it was pointed out by Fris¢i¢, Halasz and co-workers,
assigning the mechanism of mechanochemical reactions

would seem to be an

O Ss ) HNR1R2 O T1
)k base, silica gel N
R "R,
R CH3 & 25 Hz, 90 min

Fig. 1 Mechanochemical approach for the preparation of a-keto-
thioamides with elemental sulfur.*®
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involves detecting a sequence of crystalline or amorphous
phases leading from reactants to products, which can be
accomplished by ex situ and in situ monitoring at multiple
points.>**°

In the present paper, we describe a simple mechanochemical
approach for the conversion of different substrates containing
the carboxamide group into the corresponding thiocarbox-
amide groups by means of Lawesson's reagent. A thorough
examination of the milling parameters such as milling jars and
ball milling material, assistance by liquid additives, the effect of
milling frequency, reaction time, and scalability was deter-
mined. Furthermore, it is worth noting that no special experi-
mental setups are required, thus conventional laboratory
equipment is used in the thionation procedure described in this
paper.

Importantly, we report the results of ex situ powder X-ray
diffraction (PXRD) monitoring of the mechanochemical
process, which revealed an interesting polymorphic behaviour
of the organic reagents during the solid-state transformation.
Additionally, the present study demonstrated that the nature of
the grinding materials affects the morphology of the solid
phases of the substrates and products induced by milling.
Consequently, the efficiency of the solid-state reaction is influ-
enced by the nature of the milling materials.

Results and discussion

Amide precursors of the corresponding thioamides of interest
were synthesized with excellent yields (85-95%; see the ESIt)
according to previous reports in the literature.*>-®

In initial exploratory experiments we performed the mecha-
nochemical thionation reaction employing grinding vessels and
balls made of different milling materials. The reaction was
carried out with benzamide (1.23 mmol) as the model substrate
with 0.61 mmol of Lawesson's reagent (0.5 equiv.) in 1 mL of
freshly distilled THF for liquid-assisted grinding (see below).
Milling jars (5-8 mL capacity) of acrylic material, Teflon,
stainless steel, and agate were employed, as well as milling balls
(10-15 mm of diameter) of copper, Teflon, stainless steel or
agate. The mechanochemical reactions were carried out for 90
minutes at 25 Hz frequency in a Retsch200 or Retsch400 ball
mill (vibrational ball-milling). The desired products were ob-
tained with 81-96% yield (see Table 1). Satisfactory results were
achieved with acrylic components, but higher yields were ach-
ieved employing a vibrational Retsch400 mill and a Teflon
milling jar with one Teflon ball. Thus, it was decided to employ
Teflon grinding vessels and Teflon milling balls in further
experiments.

Grinding conditions were optimized by variation of the
nature and number of milling balls. Thus, copper balls (11 mm
diameter, 5.6 g weight), Teflon (10 mm diameter, 1.7 g weight),
stainless steel (12 mm diameter, 6.8 g weight) and agate (15 mm
diameter, 4.8 g weight) milling balls were examined using
a Retsch400 vibrational mill. As it turned out, the number of
balls (one or two Teflon balls) did not induce a significant
difference in the reaction yield (Table 1, entries 3 and 4), so for
subsequent experiments it was decided to work with one Teflon
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Table 1 Effect of the milling jar/ball material in the thionation of
benzamide with Lawesson's reagent under mechanochemical acti-
vation with THF as the liquid additive

o Lawesson's reagent, S
Liquid additive = THF
©)J\NH2 =lquid additive = THL ©)J\NH2

Entry® Milling jar’ Number and material of balls®  Yield? (%)

1 Acrylic 1, copper 88.2

2 Acrylic 1, steel 93.4

3 Teflon 1, Teflon 95.6 + 1.4

4 Teflon 2, Teflon 96.1 + 0.8

5 Teflon 1, copper 84.35 £+ 3.04
6 Teflon 1, steel 81.45 + 3.8
7 Teflon 1, agate 89.25 + 1.3
8 Stainless steel 1, copper 85.4 + 2.1

9 Stainless steel 1, steel 86.2 + 6.4
10 Agate 1, agate 89.40 £+ 4.1

¢ Reaction conditions, benzamide (150 mg 1.23 mmol), LR (250 mg, 0.61
mmol), freshly distilled THF (1.0 mL). ? Acrylic (7.5 mL capacity), Teflon
(8 mL capacity), stainless steel (7 mL capacity), and agate (5 mL
capacity). © Milling balls of copper (11 mm, 5.6 g), Teflon (10 mm, 1.7
g), stainless steel (12 mm, 6.8 g) and agate (15 mm, 4.8 g) were tested.
The reaction was performed for 90 minutes at a frequency of 25 Hz.
4 Average isolated yield.

ball. Stainless steel milling jars and milling balls afforded less
satisfactory results in terms of yield (Table 1, entries 5 and 6),
probably as a consequence of the partial chemical reaction
between the metal and the thioamide being formed.®® This
leaching process resulted in blackish aggregates on the metal
surface.

The use of a liquid additive to facilitate the grinding process
(liquid assisted grinding, LAG) was then investigated since the

Table 2 Effect of the liquid additive on the thionation of benzamide
with Lawesson's reagent (LR) under mechanochemical activation

S
©)J\NH2

o LR,

©)J\NH2 Liquid additive

S

Entry”  Liquid additive® n° Yield? (%)
1 CH,Cl, (1 mL) 2.5 (slurry) 31.2 £ 4.1
2 THF (1 mL) 2.5 (slurry) 96.0 + 0.6
3 Undistilled THF (1 mL) 2.5 (slurry) 65.7 + 5.3
4 THF (0.5 mL) 1.25 (slurry) 94.9 + 1.9
5 THF (0.25 mL) 0.62 (LAG) 67.1 + 3.4
6 0 0 (neat grinding) 19.9 + 3.8
7 CH;CN (1 mL) 2.5 (slurry) 88.4 + 2.1

“ Reaction conditions: benzamide (150 mg, 1.23 mmol), LR (250 mg,
0.61 mmol), reactions were carried out in duplicate, Teflon milling
jars with 1 Teflon ball. ? Additives (1 or 0.5 mL), freshly distilled
methylene chloride, tetrahydrofuran, or acetonitrile. ¢ (n = pL mg™")
measures the ratio of the solvent additive in pL over the weight of the
sample in mg. The reaction was performed for 90 minutes (at
a frequency of 25 Hz). ¢ Average isolated yield.

546 | RSC Mechanochem., 2024, 1, 544-552

View Article Online

Paper

presence of solvent can have a drastic influence on the outcome
of a mechanical treatment.” The solvents that were examined
include acetonitrile (dielectric constant = 36.64), methylene
chloride (dielectric constant = 10.42), or tetrahydrofuran
(dielectric constant = 7.52), which are commonly used in thio-
nation reactions with Lawesson's reagent.>® The results show
that the reaction proceeds best in the least polar liquid additive
THF, which afforded 95-96% yield of the desired product in
90 minutes of reaction in a Retsch400 mill (see entries 2-4 in
Table 2). Additionally, undistilled THF was examined as a liquid
additive and it was found that the yield of thiobenzamide
product decreased by more than 30% (see entry 3 in Table 2);
thus, it is recommended that the THF employed as the liquid
additive is dry and freshly distilled.

In order to optimize the amount of the liquid additive, that is
to determine the most convenient value of the parameter 7,
which measures the ratio of solvent in pL relative to the weight
of the sample in mg,”*”* four different working amounts of
solvent were handled: 1000 uL, 500 pL, 250 pL and 0 pL (Table
2). As it turned out, 500 pL of THF (n = 1.25, which satisfies the
criterion for a slurry protocol’®) was most convenient, resulting
in 95% reaction yield (see entry 4 in Table 2). Reactivity of the
reagents seems to depend on their capacity to get in close
contact with each other. In the present mechanochemically
activated system, the feasibility of the chemical reaction in the
mill is determined by the amount of liquid that is present,
impacting the performance and showing that the assisting
solvent can play a crucial role in the development of the reac-
tion.” In this regard, the reaction yields were notably lower
when the amount of the liquid additive was decreased (Table 2,
entries 5 and 6).

The effect of vibration frequencies was examined since it
influences the number of collisions within the milling jar,
including productive collisions between molecules to afford the
product. The optimum input energy for the mechanochemical
process was then determined by adjusting the vibration

Table 3 Reaction frequency and time required for complete benza-
mide thionation with Lawesson's reagent under mechanochemical
activation

o LR, S
Liquid additive = THF
NH2 > NH
& 2
Entry® Frequency” Time® (min) Yield? (%)
1 6 90 25.4 + 1.2
3 15 90 72.5 + 4.4
5 25 90 94.7 £ 1.0
7 25 60 95.9 + 0.4
9 25 40 86.6 + 3.0
11 25 20 52.8 &+ 3.6

“ Reaction conditions: benzamide (150 mg 1.23 mmol), LR (250 mg, 0.61
mmol), THF (0.5 mL) freshly distilled, a Teflon milling jar with 1 Teflon
ball. © The reaction was performed at different working frequencies (6,
15, and 25 Hz). © Times (90, 60, 40, and 20 min). ¢ Average isolated yield.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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frequencies to 6, 15 and 25 Hz in a Retsch400. It was found that
at a frequency of 25 Hz the desired product is obtained with an
excellent yield of 94-95% (entry 5 in Table 3).

Table 4 Efficiency on scaling up the thionation of benzamide with
Lawesson's reagent under mechanochemical activation

LR, slurry = THF‘

S

NH, NH,

Entry” Substrate? (mg) Yield (%)
1 300 93.3
2 300 90.1
3 600 91.6
4 600 90.0

“ The reaction was performed for 60 min at a frequency of 25 Hz. ” Scale
tested: 300 mg benzamide + 500 mg LR, freshly distilled THF (1 mL);
600 mg + 1 g LR, and 2 mL of freshly distilled THF. A Teflon milling
jar with 1 Teflon ball (10 mm diameter, 1.7 g weight). ¢ Isolated yield.

View Article Online
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The time required for the reaction to be complete was then
determined. The process was carried out in Retsch200 and
Retsch400 ball mills, finding that the thionation reaction is
complete after 60 min, affording the desired product with 95—
96% yield (see entry 7 in Table 3).

One of the most challenging objectives in mechanochemical
procedures is the scaling up of the chemical process, especially
with the aim to eventually transport the procedures of interest
to the chemical industry. In the present study, the optimal
mechanochemical reaction conditions were employed with two
and four times the initial quantity of the substrates, that is, 300
and 600 mg of benzamide. In the event, a rather small decrease
in yield, which is nevertheless higher than 90.0% yield, was
observed (Table 4). In summary, it was established that the
thionation reaction of model substrate benzamide with half
equivalent of Lawesson's reagent in the presence of 500 pL of
freshly distilled THF as the liquid additive under mechano-
chemical activation (Teflon milling jar and one Teflon ball with
10 mm of diameter and 1.7 g of weight) afforded the desired
product 1 with an excellent yield of 95-96% in 60 minutes of
milling time.

D=112.93 nm

VA O S S O -

) |
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(a) PXRD diffractograms of benzamide: bottom, untreated commercial sample (Sigma-Aldrich®), the sample exposed to distilled THF

(0.1 M solution) before milling, and samples recovered after milling for 60 min in different milling jars and milling balls, in the absence of
Lawesson's reagent: Teflon (jar 8 mL capacity; ball 10 mm, 1.7 g), stainless steel (jar 7 mL; ball 12 mm, 6.8 g) and agate (jar 5 mL; ball 15 mm, 4.8 g).
The parameters on the right: D corresponds to the average crystallite size (hm); DOC corresponds to the degree of crystallinity; AC corresponds
to the amorphicity content. (b) Photographs of benzamide, (b-1) commercial sample, (b-2) from a THF solution before milling, (b-3) following
60 min of milling in a Teflon milling jar, (b-4) following 60 min of milling in a stainless steel milling jar, and (b-5) following 60 min of milling in an

agate milling jar.
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Ex situ monitoring of the mechanochemical thionation
reaction: effect of the material of milling jars and balls

In order to determine the potential influence of the material of
milling jars upon milling®>** of benzamide prior to the addition
of Lawesson's reagent, the milling action was carried out using
Teflon, stainless steel, and agate milling jars and in the pres-
ence of 500 pL of freshly distilled THF as the liquid additive.
After 60 min of milling, THF was removed under vacuum and
the resulting residues were analyzed by powder X-ray diffraction
(PXRD) (Fig. 2). Analysis showed that the material of the milling
jars has indeed a distinct effect on the crystallinity of benza-
mide, revealing the presence of two component solid phases in
the milled sample, one crystalline and the other amorphous.
The diffraction patterns of these components differed from the
diffraction pattern obtained from a commercial sample (Sigma-
Aldrich®) of benzamide, as well as from a reference sample of
benzamide that had been dissolved in THF solution (0.1 M)
before concentration and recovery. The sample that showed the
highest degree of crystallinity corresponded to the one pro-
cessed in the Teflon milling jar, presenting 66.13% crystallinity
and a crystallite size of 185.82 nm. By contrast, the sample
recovered from the stainless steel milling jar presented 51.24%
crystallinity and a crystallite size of 616.78 nm. Finally, the
milled sample recovered from the agate milling jar presented
19.95% crystallinity and a crystallite size equal to 112.93 nm.
The above observations confirm the damaging effect suffered by
the solid benzamide substrate upon impact on the milling
vessel walls.

As it can be appreciated in Fig. 2, distinct phase transitions
are induced by milling using the different milling materials.
This means that the recovered solid was obtained in a modified
state relative to the original one. In this regard, it is anticipated
that the solid substrate recovered after milling will exhibit
a certain degree of amorphicity since, for the mechanochemical
reaction to take place, amorphicity gives rise to a greater avail-
able surface area on the solid substrate that enables the
reaction.’®”

To verify whether the observed new polymorphic states of
milled benzamide are a consequence of the choice of the
milling vessel and milling ball material, we compared the dif-
fractograms obtained from ex situ PXRD experiments after
addition of Lawesson's reagent at different milling times (0, 30
and 60 min). The three experiments afforded different results
depending on the material of the grinding jars (Fig. 3). The
formation of thiobenzamide was observed after 30 min of
milling, with a concomitant decrease in the amount of
remaining starting benzamide. This finding is better appreci-
ated in Fig. 3a, where the reaction in Teflon shows greater
efficiency since starting benzamide is present in lower abun-
dance relative to thiobenzamide. This difference in the benza-
mide : thiobenzamide ratio was greater in Teflon milling jars
when compared with reactions carried out in stainless steel and
agate vessels.

As anticipated, PXRD analysis at time zero of the three
mechanochemical thionation reactions enabled using Law-
esson's reagent and employing Teflon, stainless steel or agate

548 | RSC Mechanochem., 2024, 1, 544-552

View Article Online

LR, THF

NH,

I rel.
1000

Paper

NH,

500

1000 f—A—t s

Benzothioamide

D=457.6nm
DOC = 49.0%
AC=51%

500
1000

60 min

S

D=72.9nm
DOC = 32.95%
AC=67.05%

500
1000

D=57.4nm
DOC= 45.27%
AC=54.73%

500

0 min

D=297.9nm
DOC = 35.88%
AC=64.12%

1000
500
1000

D=185.82nm
DOC= 61.13%
AC=38.87%

500

RL

D=132.2nm
DOC = 68.30%
AC=317%

"
I [

10.00
a] Cu-Ka (1.541874 A)

I rel.
1000

i
(L

20.00

30.00

| H‘\IH [ H\‘l L

40.00

2theta

1000

Benzothioamide

D=280.62 nm
DOC = 46.10%
AC=53.90%

1000 Frme e e

60 min

D=73.7nm
DOC = 37.77%
AC=66.23%

1000

D=43.55nm
DOC = 34.64%
AC=65.36%

0 min

D=297.9nm
DOC = 35.88%
AC=64.12%

1000

D=616.78 nm
DOC= 51.24%
AC=48.76%

1000

LR

D=132.2nm
DOC = 68.30%
AC=31.7%

n
Il [

10.00
b) Cu-Ka (1.541874 A)

I rel.
1000

1
o

20.00

30.00

40.00

2theta

500

Benzothioamide

D=70.1nm
DOC = 44.20%
AC=55.80%

1000
500 N
1000 === -
500

D=220.71nm
DOC - 43.83%
AC=56.17%
D=125.52nm
DOC = 40.81%
. . AC=59.19%
1000 -
# 0 min D=297.90m
500 I DOC = 35.88%

J AC=64.12%
1000 # D=112.93nm
500

DOC = 19.95%
AC=80.05%
1000

LR D=132.2nm
500 DOC= 68.30%
AC=317%

60 min

s i
e [ [

20.00

[
10.00
€) Cuka (1541874 A)

30.00

[ i ] ¥
40.00
2theta

Fig. 3 PXRD ex situ monitoring of the mechanochemical thionation of
benzamide. Reflections from the crystalline components are high-
lighted with symbols # for benzamide and * for the formation of thi-
obenzamide. Parameters on the right: D corresponds to the average
crystallite size (hm), DOC corresponds to the degree of crystallinity
and AC corresponds to the amorphicity content. (a) PXRD patterns of
samples recovered from Teflon (from bottom to top): Lawesson's
reagent; benzamide; a mixture of benzamide (1.23 mmol), Lawesson's
reagent (0.61 mol) and freshly distilled THF (0.5 mL) after 0, 30 and
60 min of milling and at 25 Hz; thiobenzamide. (b) PXRD patterns of
samples recovered from stainless steel, in the same order as in part (a).
(c) PXRD pattern of samples recovered from the agate milling jar, in the
same order as in parts (a) and (b).

milling jars showed only physical mixtures of the reactants. By
contrast, a decrease in crystallite size of the benzamide
substrate was observed after 30 min of milling, particularly in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the case of Teflon vessels. Indeed, crystals that initially
measured 185.82 nm decreased in size to 57-72 nm after 30 min
of milling, which is in line with the experimentally observed
higher efficiency of the reactions carried out with the Teflon
milling material (¢f. Table 1). When stainless steel and agate
milling jars were used, the decrease in crystallite size was not
uniform.

The above observations are in line with the anticipation that
smaller crystals of the substrate should induce greater reactivity
since a greater surface area is available for reactivity in the
thionation reaction.>*”

Most relevantly, the PXRD analysis of the crystallinity and
morphological characteristics of the solid-state components in
the mechanochemical processes reported herein confirm
Emmerling’s finding that the stability of polymorphic species
depends strongly on the material of the milling vessel.>*>

Aiming to expand the scope of the process, other carbox-
amides were converted into the corresponding thioamides
under the optimized reaction conditions (Fig. 4). Thus, we
initially carried out the reaction with benzamide-like amides,
which upon reaction with Lawesson's reagent generated the
desired thioamide products 2-5 with yields varying between 89
and 93% (Fig. 4).

Discrimination between the carbonyl groups present in esters
vis-a-vis amides was evidenced when thioamide formation took
place exclusively in a good yield of 83% (see product 6 in Fig. 2).
This result is in line with recorded precedent that amides are
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generally more reactive than esters.* It should be noted that by
comparison of the thionation reaction in refluxing THF solution
and occupying 1 equiv. of Lawesson's reagent, the mechano-
chemical methodology can afford higher yields. So, for instance,
N-benzyl-benzothioamide 5 was obtained in 88% yield in the
present mechanochemical procedure (Fig. 4), whereas Huang
and Xu achieved 74% yield under flow conditions in MeCN.”

Subsequently, amino amides derived from N-Fmoc protected
(Fmoc = fluorenylmethoxycarbonyl) proteinogenic «-amino
acids such as Gly, Ala, Val, Phe and Pro were used as substrates.
The thionation reaction proceeded especially well with the less
hindered Gly and Ala derivatives to deliver the anticipated
products 7 and 8 (Fig. 4) with yields of 80% and 70%, respec-
tively. On the other hand, thioamide derivatives 6 and 11, which
are of interest in the area of enantioselective synthesis of (-
amino acids,””* were obtained in 83% and 89% yield, respec-
tively (Fig. 4).

In this context, the ability of mechanochemical ball milling
to reduce or eliminate epimerization during peptide prepara-
tion and handling has been established.”®”” Gratifyingly, the
present liquid-assisted mechanochemical thionation method-
ology proceeded efficiently to afford thiodipeptide 9 with a yield
of 89% and without racemization. However, loss of stereo-
chemical integrity (racemization) was observed with chiral N-
Fmoc-protected alanine as the substrate (see 8 in Fig. 4).

Other types of substrates that were examined include one B-
lactam and one enone. To our satisfaction, the target products

88% 83%

1 s 2 s 3 ¢ 4
NH2 N/ )J\NH NH2
@)\ S
96% 93% 91% 89%
S S
S 6 7 8
)k NH, NH,
NH O

S 8s o

71%

10

: ©\J\WH -
O

OAS

86%
89% ?

: e T

Fig. 4 Thiocarbonyl-containing compounds obtained by treatment of the corresponding carbonyl-containing substrates with Lawesson's

reagent under solvent-assisted mechanochemical activation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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10 and 11 were isolated with high 86% and 89% yields,
respectively (Fig. 4).

Finally, all starting materials and products were examined by
PXRD. Significant differences in powder morphology (degree of
crystallinity) were observed (see the ESIt).

Conclusions

Herein, an efficient method for the synthesis of thioamides by
sulphidation of amide precursors with Lawesson's reagent
under solvent-assisted mechanical activation is described. The
mechanochemical technique was thoroughly optimized and
a series of structurally diverse derivatives containing the thio-
amide moiety were subsequently synthesized in good yields. Ex
situ PXRD monitoring revealed that the formation and inter-
conversion of polymorphs during milling depends strongly on
the choice of grinding materials - the softer milling jars and
milling balls made out of Teflon induced the formation of
amorphous phases at the interphase with the crystallite lattice
of the benzamide substrate, which translates into higher reac-
tivity.”®”® Importantly, the method proved efficient for the
thionation of a model N-Cbz-protected peptide, which pro-
ceeded in good yield and preserved the stereochemical identity
of the chiral substrate. On the other hand, the thionation of N-
Fmoc-protected amino acid amides was problematic, as it
provided the desired product in only moderate yields and with
racemization of the center of chirality.

Experimental

Most reagents were commercially available from Sigma-Aldrich
Chemical Co. and the rest were prepared as described in the
literature. The high-speed ball grinding reactions were carried
out in a Retsch MM200 or MM400 mixing mill. The 'H and "*C
NMR spectra were recorded on a 500 MHz Bruker spectrometer
in deuterated chloroform (CDCl;) or deuterated dimethyl sulf-
oxide (DMSO-ds). NMR data are presented in the following
order: chemical displacement in ppm, multiplicities as s
(singlet), d (doublet), t (triplet), m (multiplet), etc. The NMR
signals of carboxamides are in agreement with those reported in
the literature.®**#*#! X-ray powder diffraction was carried out in
Bragg-Brentano mode on a BRUKER D8-ADVANCE eco diffrac-
tometer equipped with a LynxEye detector (ACu-Koal+2 =
1.541874 A. Data were collected at room temperature in the
range of 26 = 5-45° (step of 0.02 and step time 0.5 s).

Procedure of the solvent-assisted mechanochemical synthesis
of benzothioamide (1)

In a Teflon milling jar (7.5 mL capacity) with a Teflon grinding
ball (10 mm diameter and 1.7 g weight), carboxamide (1 equiv.,
1.23 mmol) and Lawesson's reagent (LR, 0.5 equiv., 0.61 mmol)
were placed before the addition of 500 pL of freshly distilled
THF. The jar was closed and the reaction was milled for 60
minutes at 25 Hz frequency using the Retsch MM400 mixing
mill. The desired thioamide product was purified by silica gel
flash chromatography with hexane/EtOAc (80 : 20) as the eluent.
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Compound 1 was obtained as a yellow solid, mp 116.2-116.9
(lit.>* mp 114-116 °C) in 96% yield (161 mg). "H NMR (500 MHz,
DMSO-dg): 6 9.87 (br. s, 1H), 9.5 (br. s, 1H), 7.88-7.90 (m, 2H),
7.54-7.47 (m, 1H), 7.45-7.38 (m, 2H). "*C NMR (126 MHz,
DMSO-dg) 6 200.20, 139.49, 131.12, 127.91, 127.25. Calculated
m/z for C;H,NS +1, 138.03, found 138.1.

Data availability

NMR spectra, HPLC chromatograms, and powder X-ray
diffraction data are provided in the ESIT file.
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