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Chromatography-Free Multicomponent Synthesis of
Thioureas Enabled by Aqueous Solution of Elemental Sulfur
András Gy. Németh,[a] Renáta Szabó,[a] Attila Domján,[b] György M. Keserű,*[a] and
Péter Ábrányi-Balogh*[a]

The development of a new three-component chromatography-
free reaction of isocyanides, amines and elemental sulfur
allowed us the straightforward synthesis of thioureas in water.
Considering a large pool of organic and inorganic bases, we
first optimized the preparation of aqueous polysulfide solution
from elemental sulfur. Using polysulfide solution, we were able

to omit the otherwise mandatory chromatography, and to
isolate the crystalline products directly from the reaction
mixture by a simple filtration, retaining the sulfur in the solution
phase. A wide range of thioureas synthesized in this way
confirmed the reasonable substrate and functional group
tolerance of our protocol.

1. Introduction

Sulfur–containing compounds are widely used as biologically
active molecules[1] and functional organic materials.[2,3] Thiour-
eas, in particular, are important pharmaceutical and agro-
chemical intermediates and active ingredients represented by
the marketed drug thiocarlide,[4] algicides,[5] fungicides[6] and the
insecticide chloromethiuron.[7] In addition, they are key syn-
thetic precursors of nitrogen and sulfur containing compounds,
especially pharmacologically relevant heterocycles.[8–12] Notably,
in the last two decades thioureas were also applied as highly
selective and efficient organocatalysts.[13–16] Given the wide
utility of thioureas, their clean and efficient synthesis is of high
interest.
Elemental sulfur is a bench-stable environmentally benign,

inexpensive and nontoxic reagent for sulfuration offering an
atom-economical and safe alternative to incorporate the sulfur
atom into products.[17] Certain nucleophiles, such as aliphatic
amines are able to generate trisulfur radical anions[18] and open-
chain ionic polysulfide anions from elemental sulfur,[19] the
former existing only under inert conditions. These transforma-
tions are responsible for the activation of elemental sulfur,
which can then be used as efficient sulfurating reagent.[17]

Recently a couple of innovative, multicomponent and one-pot
procedures have been published for the use of elemental sulfur
in synthetic procedures.[20–26] Numerous methods rely on the
known transformation of isocyanides to isothiocyanates with
elemental sulfur in the presence of base or various metal
catalysts,[19,27–35] which is utilized in particular for the synthesis of
thioureas (Scheme 1). Zhou et al. developed a cobalt-catalyzed
method for the synthesis of thioureas starting from isocyanides,
elemental sulfur, aliphatic and aromatic amines under oxidative
conditions.[36] The one-pot procedure of Tan et al. offers the
in situ synthesis of isocyanides from amines and chloroform in
the presence of potassium tert-butoxide, followed by the
addition of sulfur and various amines.[37] It should be noted that
the above mentioned methods require catalyst and organic
solvents. The most practical way was introduced by Nguyen
et al. who developed a solvent- and catalyst-free method
starting from isocyanides, elemental sulfur and aliphatic
amines.[38] As a limitation of this method, the preparation of
biaryl thioureas is not available due to the reduced nucleophilic
behavior of aromatic amines under the applied conditions.
Moreover, the excess of sulfur make chromatography indispen-
sable as crystallization from an organic solvent is not suitable
for the removal of S8.
Since the introduction of the 12 principles in green

chemistry, considerable efforts have been made to the develop-
ment of environmentally friendly and sustainable organic
processes. A major aspect of green chemistry is to use safer
solvents and to reduce the environmental impact of the
chemical reactions.[39,40] Chromatographic purification produces
large waste of organic solvents and dischargeable static phase,
therefore, developing new reaction pathways and improving
existing methods to avoid chromatography remains an impor-
tant issue[40–46] from both environmental and economic points
of view. The replacement of organic solvents with water as a
non-toxic, abundant and cheap solvent has generated signifi-
cant attention. Notably, its features of accelerating reactions
and simplifying the isolation of the products are regarded as
main advantages of its application in organic reactions.[47–50] In
continuation of our interest in green chemistry,[51] multicompo-
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nent reactions[52–54] and reactions involving sulfur[19,55] we aimed
to develop an environmentally friendly synthesis for diverse
thioureas, including challenging biaryl derivatives. We envi-

sioned the preparation of aqueous solutions of polysulfide
anions to use it as a novel agent for the incorporation of sulfur
atom. The main advantages of this reagent would be an

Scheme 1. Synthetic methods for the elemental sulfur based multicomponent synthesis of thioureas.
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environmentally friendly, atom economical access to thio
compounds in water with easy work-up and purification by
avoiding chromatography. As the first step in this direction,
here we report the development of a chromatography-free
multicomponent synthesis of thioureas in polysulfide anion
containing aqueous solutions.

2. Results and Discussion

Our first objective was to prepare polysulfide anion containing
aqueous solutions from elemental sulfur using different bases
(Table 1). Optimizing the conditions, we applied 0.05 M elemen-
tal sulfur in the presence of 20 equivalents of bases including
NaOH, diisopropylamine (DIPA) and 1,8-diazabicyclo[5.4.0]un-
dec-7-ene (DBU) in water. Although sonication at room temper-
ature or at 40 °C and 60 °C failed to result in the homogeneous
solution, vigorous stirring enabled the complete dissolution of
the solid at 60 °C. Encouraged by the results, we have screened
a number of bases in water (see ESI Table S1) and finally found
14 bases suitable for the preparation of homogenous poly-
sulfide anion containing aqueous solutions in various concen-
trations (Table 1). Our goal was to reach a sulfur concentration
of at least 0.1 M that is perfectly suited for synthetic
purposes.[25,56–65] Generally, inorganic bases did not provide the
appropriate concentration, as in the case of NaOH, Na2S and
tetrabutylammonium hydroxide (TBAOH) we could reach a
concentration of only 0.05 M elemental sulfur in the presence
of 20 equivalents of base (entries 1–3, Table 1). Although Wang
et al. claimed to dissolve 0.05 M sulfur and 0.34 M disodium
disulfide in water at 70 °C in 15 minutes,[66] this method was not
reproducible in our hands. Employing 1.0 M piperidine or 1,4-
diazabicyclo[2.2.2]octane (DABCO) in water provided a 0.05 M
and 0.1 M solution of sulfur, respectively (entries 4 and 11,
Table 1). Considering further organic bases, such as DIPA,
N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDTA) or the

amidines DBU, 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (MTBD), we successfully prepared
more concentrated, 0.4 M solutions of elemental sulfur in the
presence of only 2.5 equivalents of the base (entries 5–10,
Table 1). In the case of Et3N, N-ethylpiperidine and quinine the
addition of 50% acetonitrile or tetrahydrofuran (THF) was
necessary in order to keep the solution homogeneous (entries
12–14, Table 1), however, the maximal concentration was
limited to 0.15 M of sulfur for 0.25 M of quinine (entry 14,
Table 1). Although we achieved higher sulfur concentration in
some cases, we have standardized the amount of base and
elemental sulfur in 1.0 M and 0.4 M, respectively due to
practical considerations (versatility, comparability and easy
handling). These target concentrations were achieved by multi-
ple bases that provided considerable flexibility for developing
synthetic applications.
Polysulfide solutions were investigated by NMR in D2O.

Figure 1 shows the stacked 1H-NMR spectra obtained for the
polysulfide solutions containing 0.1 M, 0.4 M and 1.0 M sulfur
together with 1.0 M PMDTA in D2O, respectively. Dissolving
sulfur in 0.1 : 1 ratio with the base (Fig 1B), chemical shifts are
shifted lower and the signals of the methyl groups 1’ and 4’
became merged at 2.08 ppm. Increasing the ratio of sulfur to
0.4 :1 (Fig 1 C) and 1 :1 (Fig 1D) the chemical shift of the methyl
groups 1‘ show a 0.13 and then a 0.14 ppm positive shift, while
the methyl group 4’ is moving only 0.10 and further 0.09 ppm
upwards. The signals of the ethylene groups shifts upwards as
well and start to merge around 10% sulfur content indicating
that the chemical difference between the carbons 2 and 3
fades. Performing the experiments in the presence of CF3COOD
instead of sulfur, we had similar observations, proving quaterni-
zation of the nitrogen atoms (see ESI Figure S1). These
observations indicate that both types of nitrogen atoms are
involved in the nucleophilic attack on sulfur, though the
terminal nitrogen atoms participate more in the transformation.
In fact, the activation energy of ammonium ion formation is
very low,[67] and thus we suppose a dynamic equilibrium

Table 1. Suitable bases for the preparation of aqueous polysulfide
solution.

Entry[a,b] Base Solvent Base/S8 concentration
[c]

1 NaOH Water 1.0 M/0.05 M
2 Na2S Water 1.0 M/0.05 M
3 TBAOH Water 1.0 M/0.05 M
4 Piperidine Water 1.0 M/0.05 M
5 DBU Water 1.0 M/0.4 M
6 DBN Water 1.0 M/0.4 M
7 TBD Water 1.0 M/0.4 M
8 MTBD Water 1.0 M/0.4 M
9[d,e] PMDTA Water 1.0 M/0.4 M
10[e] DIPA Water 1.0 M/0.4 M
11[e] DABCO Water 1.0 M/0.1 M
12[e,f] Et3N Water:MeCN 1.0 M/0.4 M
13[e,f] N-ethylpiperidine Water:MeCN 1.0 M/0.4 M
14[e,g] Quinine Water:THF 0.25 M/0.15 M

[a] For the full list of bases, see the supporting information (Table S1). [b]
Conditions: 60 °C, water, vigorous stirring. [c] Concentration of base and
sulfur respectively. [d] 70 °C was employed. [e] Overnight stirring was
employed. [f] 50% acetonitrile was used as co-solvent. [g] 50% THF was
used as co-solvent.

Figure 1. Stack plot of the 1H-NMR spectra of PMDTA and polysulfide
solutions made of PMDTA and sulfur in D2O in different amine:sulfur ratios;
Spectrum „A”: PMDTA; Spectrum „B”: PMDTA:S 1:0.1; Spectrum „C”: PMDTA:S
1:0.4; Spectrum „D”: PMDTA:S 1 :1.
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between the quaternization of the terminal and the middle
nitrogens.
The nucleophilicity of DBU and related amidines DBN, TBD

and MTBD has been used in their reactions with aldehydes,[68]

carbonates,[69] imidazolides,[70] methyl-pyrazoles[71] and
benzoxazinones[72] as electrophiles leading to caprolactams or
substituted tetrahydropyrimidinones. Notably, cyclic amidines
undergo ring-opening in the presence of water yielding amino-
propyl lactams and pyrimidinones that readily react with

halobenzenes[73–75] and esters.[76] As a result of the preparation
of the polysulfide solution, we observed the ring opening
transformation of DBU.[73–76] Figure 2 shows the stacked spectra
of DBU (Figure 2A), 1-(3-aminopropyl)azepan-2-one (Figure 2B)
and the polysulfide solution prepared from 0.4 M sulfur and
1.0 M DBU (Figure 2C). Comparing these spectra and the
highlighted atoms, no change in the chemical shift of the
opened DBU can be observed. The protons at the position 7, 1’
and 3’ are located at the same chemical shift in the neat and
polysulfide solution (Figure 2B and 2 C). The corresponding
protons of DBU at the position 2, 11 and 9, respectively,
however, moving upwards from 3.58, 3.54 and 3.34 ppm to
3.64, 3.59 and 3.39 ppm, respectively after the preparation of
the polysulfide solution (Figure 2A and 2B). These findings
suggest that the quaternization, thus the interaction of sulfur
happens with DBU and the presence of 1-(3-aminopropyl)
azepan-2-one is a result of the known hydrolysis of DBU
(Scheme 2).[73–76] Therefore, we envisioned the reaction of the
polysulfide solution of amidines (3) with isocyanides (1) in order
to generate caprolactam and pyrimidinone substituted thiour-
eas. We found this reaction suitable for the validation of the
aqueous polysulfide solution to prepare isothiocyanate from
isocyanide followed by the transformation to thiourea in a one-
pot, multicomponent manner. Accordingly, a polysulfide sol-
ution has been made from DBU (3a, 1.0 M) and sulfur (0.4 M)
stirring vigorously at 60 °C for 1 hour and cooling to room
temperature. Then, 0.2 mmol of 2,6-dimethylphenyl isocyanide
(1a, 0.2 M) was added to 1 mL polysulfide solution which
provided the corresponding thiourea 4aa in 55% yield at room
temperature after 5 hours (Table 2, entry 1). Notably, the
product precipitated from water, thus it could be separated
easily by filtration. The excess of the base and polysulfide
anions could be removed by washing the solid with water i. e.
no chromatographic purification was necessary. Next, we
optimized the conditions of this reaction isolating the products
after the full consumption of the isocyanide monitored by TLC
and HPLC-MS. Raising the temperature to 40 °C and 60 °C the
reaction time decreased to 2 hours and 0.5 hour, resulting in
4aa in 74% and 96% yields, respectively (Table 2, entries 2, 3).
Reducing the excess of sulfur to 1.5 equivalents at 60 °C

Figure 2. Stack plot of the 1H-NMR spectra of DBU (spectrum „A”), 1-(3-
aminopropyl)-azepan-2-one (spectrum „B”) and the polysulfide solution
made of 1.0 M DBU and 0.4 M sulfur (spectrum „C”) in D2O.

Scheme 2. Proposed interaction of DBU with elemental sulfur.

Table 2. Optimization of the reaction conditions for the synthesis of thioureas.

Entry T
[°C]

Time
[h]

Molar excess of
1a/2/3a

Yield[a,b]

[%]

1 RT 5 1/2/5 55
2 40 2 1/2/5 74
3 60 0.5 1/2/5 96
4[c] 60 0.5 1/1.5/5 85
5[d] 60 0.5 1/2/4 93
6[e] 60 0.5 1/2/3 76
7[f] 60 0.5 1/2/5 91

[a] Reaction conditions: 1a (0.2 mmol), polysulfide solution in water (1 mL, 1.0 M DBU (3a)/0.4 M S8 (2)), temperature, time. [b] Isolated yields. [c] Polysulfide
solution in water (1 mL, 1.0 M DBU (3a)/0.3 M S8 (2)). [d] Polysulfide solution in water (1 mL, 0.8 M DBU (3a)/0.4 M S8 (2)). [e] Polysulfide solution in water
(1 mL, 0.6 M DBU (3a)/0.4 M S8 (2)). [f] Performed at a 0.5 mmol scale.
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decreased the yield (85%, Table 2, entry 4). When the excess of
the base was reduced to 4 equivalents (0.8 M) no significant
change in the yield was observed (93%, Table 2 entry 5),
however, further decreasing to 3 equivalents (0.6 M) reduced
the yield significantly (76%, Table 2, entry 6). Finally, with the
optimized conditions in hand (Table 2, entry 3), scaling up the
reaction to 0.5 mmol provided 4aa in 91% yield (Table 2,
entry 7).
The optimized conditions scaled to 0.5 mmol (Table 2,

entry 7) were applied to a structurally diverse set of amidines

(3a–d) and isocyanides (1a–e) to investigate the scope and
limitation of the method developed. Using 2,6-dimethylphenyl
isocyanide (1a) with the polysulfide containing aqueous
solutions made of DBN (3b) and MTBD (3c) at 60 °C provided
thioureas 4ab and 4ac in excellent, 92% and 99% yields,
respectively (Scheme 3). Applying TBD (3d) as base, the desired
thiourea (4ad) was obtained in 62% yield after 2 hours. The
adamantyl derivative 4ba was isolated in 70% yield after
4 hours. Next, we applied heterocyclic thioureas containing
indole, quinoline or pyridine ring 4ca–4ea in 72%, 50% and

Scheme 3. Substrate scope for amidines and isocyanides. [a] Reaction conditions: 1 (0.5 mmol), polysulfide solution (1.0 M base (3)/0.4 M S8 (2), 2.5 mL),
reaction time in parentheses, 60 °C, water.

ChemistryOpen
Full Papers
doi.org/10.1002/open.202000250

20ChemistryOpen 2021, 10, 16–27 www.chemistryopen.org © 2020 The Authors. Published by Wiley-VCH GmbH

Wiley VCH Montag, 04.01.2021

2101 / 190246 [S. 20/27] 1

https://doi.org/10.1002/open.202000250


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

67% yields, respectively (Scheme 3). Notably, the aromatic
bromine on the pyridine ring (1e) was well tolerated.
Considering bases resistant to acylating agents such as

DABCO, PMDTA, Et3N, N-ethylpiperidine and quinine (Table 1),
the reaction was envisaged to provide virtually any desired
thioureas. Since DABCO enables the preparation of only 0.1 M
solution of sulfur and the latter three bases require co solvents,
the generality of the reaction was investigated using PMDTA
(1.0 M) and sulfur (0.4 M, Table 1, entry 9) with various isocya-
nides and benzylamine at 80 °C (5a, Scheme 4). Applying
aromatic 2,6-dimethylphenyl- (1a), 4-fluorophenyl- (1f) and 4-
methoxyphenyl isocyanide (1g), the formation of thioureas
6aa, 6fa and 6ga was observed in excellent yields (89%, 85%
and 96%, respectively on Scheme 4). The cyclohexyl and tert-
butyl derivatives 6ha and 6 ia were obtained in slightly lower
but still reasonable yields of 81% and 89%, respectively.
Importantly, the formed thioureas crushed out of water and
were separated by filtration, no further purification was
necessary.
Next, we evaluated the scope of aliphatic and aromatic

amines. Aqueous ammonia (5b), and primary amines, like
hexylamine, allylamine, (S)-(-)-1-phenylethylamine, trypt-
amine and cyclohexylamine (5 c-g) reacted well leading to
the formation of the corresponding thioureas (6ab–6ag) in
good to excellent yields (77–91%, Scheme 5), in the case of
6ab and 6ad at 80 °C. Sterically more challenging tert-
butylamine (6ai) and morpholine (6aj) derivatives were both
isolated in 74% yield after 0.5 h at 80 °C, applying 3
equivalents of amine. 1-Adamantylamine (5h) was used in 3
equivalents for 1 hour at 80 °C, providing the desired thiourea
6ah in 83% yield. Employing phenylhydrazine (5k) and L-
tryptophan (5 l) in the reaction led to the formation of the
thiosemicarbazide 6ak and thiourea 6al in good yields (78%
and 66%, respectively), the latter being isolated in a two-step
crystallization procedure (see experimental section). Next, we
have aimed to investigate the synthesis of biaryl thioureas.
As we mentioned in the introduction, the preparation of
biaryl derivatives has been only accomplished in the
presence of a catalyst or in organic solvents under inert
conditions.[36,37] The practical, catalyst- and solvent-free

method of Nguyen et al., however, is not suitable for the
synthesis of these compounds.[38] Using the polysulfide
solution made of PMDTA (1.0 M) and sulfur (0.4 M, Table 1,
entry 9) in the presence of 3 equivalents of aniline (5m) and
2,6-dimethylphenyl isocyanide (1a) at 80 °C eventually led to
full conversion of the isocyanide in 0.5 hour. After removing
the excess of polysulfide anions and the base with water, the
excess of the aniline was washed away with 1.0 M aq. HCl
providing the thiourea 6am in 74% yield. The 2-methyl (5n)
and 4-methyl (5o) derivatives reacted in 1 hour providing the
corresponding thioureas 6an and 6ao in 74% and 81%
yields, respectively. However, the 2,6-dimethyl- (5p), 4-meth-
oxy- (5q), 3,4,5-trimethoxy- (5 r) and 4-hydroxy aniline (5v)
reacted faster, giving the thioureas 6ap–6aq and 6av in only
0.5 hour in good yields (79%, 69%, 62% and 73% respec-
tively, Scheme 5). Halogens (Cl, Br, I) were generally well

Scheme 4. Substrate scope for isocyanides. [a] Reaction conditions: 1
(0.50 mmol), 5a (0.75 mmol), polysulfide solution (1.0 M PMDTA/0.4 M S8 (2),
2.5 mL), 80 °C, 0.5 hour, water. [b] 2 hours reaction time.

Scheme 5. Substrate scope for amines. [a] Reaction conditions: 1
(0.50 mmol), 5 (0.75 mmol), polysulfide solution (1.0 M PMDTA/0.4 M S8 (2),
2.5 mL), 60 °C, 0.5 hour, water. [b] 10 equivalents of aq. 25% NH3. [c] 80 °C
and 3 equivalents of 5. [d] 1 hour reaction time. [e] In the case of anilines, 3
equivalents of 5, 80 °C.
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tolerated in the reaction, the thioureas 6as–6au were
obtained in 76%, 77% and 63% yields, respectively. Hence,
this simple approach was used efficiently for the preparation
of challenging biaryl thioureas starting from 2,6-dimethyl
isocyanide, aqueous polysulfide solution and the correspond-
ing anilines.
Next, as an eye-catching example, we have synthesized

the marketed drug thiocarlide (Isoxyl®).[4] At first, 1-(isopenty-
loxy)-4-nitrobenzene (9) was prepared from the commercially
available 4-nitrophenol 7 with isopentyl-bromide (8) in
refluxing DMF in the presence of NaOH in 70% yield
(Scheme 6). Then, the reduction of the nitro group by
catalytic hydrogenation and the subsequent transformation
of amine 10 provided the formamide 11 in quantitative yield.
The formal dehydration of 11 led to the corresponding
isocyanide 12 in 73% yield. In the reaction of isocyanide 12,
amine 10 and the aqueous polysulfide solution made of
PMDTA (1.0 M) and sulfur (0.4 M, Table 1, entry 9) led to
thiocarlide (13) in full conversion after 0.5 hour at 60 °C
(Scheme 7). Compound 13 precipitated from water, enabling
the separation by filtration. The excess of the polysulfide
anions, the base and the amine was removed by washing
with water and with 0.5 M aq. HCl resulting in an isolated
yield of 84%. In conclusion, our method (Scheme 9) have
provided better overall yield (61% for 4 steps) for the

synthesis of thiocarlide starting from 4-(isopentyloxy)aniline
(10) than that of published procedures using carbon
disulfide[77] (53%) or thiophosgene[78] (50%).

3. Conclusions

In summary, we have prepared aqueous solutions of polysulfide
anions from elemental sulfur with a pool of organic and
inorganic bases. The resulting aqueous solutions were used
efficiently for the chromatography-free synthesis of thioureas in
a multicomponent reaction in good to excellent yields. This
approach enables the easy isolation of the desired products by
a simple filtration, and thus, introduces an environmentally
benign synthesis of thioureas. The methodology has been
validated in a wide range of synthesis scenarios including
lactam-, tetrahidropyrimidin-2-one and other, disubstituted
thioureas, highlighting biaryl derivatives and the marketed
drug, thiocarlide.

Experimental Section

General

All melting points were determined on a Jasco SRS OptiMelt
apparatus and are uncorrected. 1H and 13C NMR spectra were
recorded in DMSO-d6 or CDCl3 solution at room temperature, on a
Varian Unity Inova 500 spectrometer (500 and 125 MHz for 1H and
APT NMR spectra, respectively), with the residual solvent signal as
the lock and TMS as the internal standard. Chemical shifts (δ) and
coupling constants (J) are given in ppm and Hz, respectively. HPLC–
MS measurements were performed using a Shimadzu LCMS-2020
device equipped with a Reprospher 100 C18 (5 μm; 100×3 mm)
column and positive-negative double ion source (DUIS�) with a
quadrupole MS analyzer in a range of 50–1000 m/z. The samples
were eluted with gradient elution using eluent A (0.1% formic acid
in water) and eluent B (0.1% formic acid in acetonitrile). Flow rate
was set to 1.5 mL/min. The initial condition was 5% B eluent,
followed by a linear gradient to 100% B eluent by 1.5 min, from 1.5
to 4.0 min 100% B eluent was retained; and from 4.0 to 4.5 min
back to initial condition with 5% B eluent and retained to 5 min.
The column temperature was kept at room temperature, and the
injection volume was 1–10 μL. The purity of the compounds was
assessed by HPLC with UV detection at 215 and 254 nm; all starting
compounds are known, purchased or synthetically feasible and
>95% pure.

General Procedure for the Preparation of Aqueous Solutions
of Polysulfide Anions

Sulfur (32 mg, 1.0 mmol) was added to a mixture of 1,8-
diazabicyclo[5.4.0]undec-7-ene (373 μL, 2.5 mmol) and water
(2.13 mL) and stirred vigorously at 60 °C until the complete
dissolution of sulfur.

3.1. General Procedure for the Synthesis of Thioureas

Isocyanide (1a–i, 0.5 mmol) was added to the aqueous solution of
sulfur and the appropriate base (3a–d or PMDTA, 2.5 mL, 1.0 M
base, 0.4 M sulfur) and stirred vigorously at 60 or 80 °C until the
total consumption of the isocyanide monitored by HPLC-MS

Scheme 6. Synthesis of the key intermediates 10 and 12 for the preparation
of thiocarlide. [a] Reaction conditions: (i): NaOH, DMF, reflux, 3 hours; (ii): H2,
10% Pd/C, EtOAc, rt; (iii): HCOOH, (CH3CO)2O, THF, RT; (iv): POCl3, Et3N, THF,
RT.

Scheme 7. Synthesis of thiocarlide in the three component reaction applying
polysulfide solution in water and known literature methods.
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(between 0.5 and 4 hours). Afterwards, the product was filtered and
washed with water and in the case of poorly water soluble amines
with 0.5 or 1.0 M aq. HCl, then water providing thioureas 4 and 6 in
50–99% yield.

1-(2,6-Dimethylphenyl)-3-(3-(2-oxoazepan-1-yl)propyl)thiourea
(4aa): White solid, m.p. 163–164 °C (water); 1H-NMR: (500 MHz,
CDCl3) δ 7.25 (bs, 1H), 7.21–7.14 (m, 3H), 6.38 (bs, 1H), 3.57 (t, 2H,
J=6.0 Hz), 3.29–3.27 (m, 4H), 2.41� 2.38 (m, 2H), 2.27 (s, 6H),
1.77� 1.60 (m, 8H) ppm; 13C-NMR: (125 MHz, CDCl3) δ 176.3 (C),
137.2 (C), 128.8 (CH), 110.0 (C), 49.8 (CH2), 45.2 (CH2), 41.9 (CH2),
37.1 (CH2), 29.9 (CH2), 28.6 (CH2), 27.5 (CH2), 23.4 (CH2), 18.1 (CH3)
ppm; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for C18H28N3OS
334.1947; found 334.1960.

1-(2,6-Dimethylphenyl)-3-(3-(2-oxopyrrolidin-1-yl)propyl)thiourea
(4ab): White solid, m.p. 154–155 °C (water); 1H-NMR: (500 MHz,
CDCl3) δ 7.27 (bs, 1H), 7.22� 7.14 (m, 3H), 6.32 (bs, 1H), 3.54 (bs, 2H),
3.36 (t, 2H, J=7.0 Hz), 3.18 (bs, 2H), 2.32� 2.24 (m, 2H), 2.27 (s, 6H),
2.01� 1.95 (m, 2H), 1.79� 1.76 (m, 2H) ppm; 13C-NMR: (125 MHz,
CDCl3) δ 175.6 (C), 137.3 (C), 128.8 (CH), 47.3 (CH2), 41.7 (CH2), 39.5
(CH2), 30.8 (CH2), 26.7 (CH2), 18.1 (CH3), 17.9 (CH2) ppm; HRMS (ESI/
Q-TOF) m/z: [M+H]+ Calcd. for C16H24N3OS 306.1634; found
306.1651.

1-(2,6-Dimethylphenyl)-3-(3-(3-methyl-2-oxotetrahydropyrimidin-
1(2H)-yl)propyl)thiourea (4ac): Yellow crystals, m.p. 156–157 °C
(water); 1H-NMR: (500 MHz, DMSO-d6) δ 8.67 (bs, 1H), 7.05 (m, 3H),
6.11 (bs, 1H), 3.77� 3.74 (m, 2H), 3.26� 3.20 (m, 7H), 3.10� 3.08 (m,
2H), 2.13 (s, 6H), 1.82� 1.77 (m, 4H) ppm; 13C-NMR: (125 MHz,
DMSO-d6) δ 180.8 (C), 155.8 (C), 139.1 (C), 136.9 (C), 127.9 (CH),
126.8 (CH), 45.3 (CH2), 44.5 (CH2), 25.7 (CH2), 22.6 (CH2), 18.5 (CH3)
ppm; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for C17H28N4OS
335.1900; found 335.1920.

1-(2,6-Dimethylphenyl)-3-(3-(2-oxotetrahydropyrimidin-1(2H)-yl)
propyl)thiourea (4ad): White solid, m.p. 142–143 °C (water); 1H-
NMR: (500 MHz, CDCl3) δ 7.27 (bs, 1H), 7.18� 7.11 (m, 3H), 6.67 (bs,
1H), 4.50 (bs, 1H), 3.59� 3.56 (m, 2H), 3.20� 3.18 (m, 6H), 2.25 (s, 6H),
1.88� 1.86 (m, 2H), 1.76� 1.71 (m, 2H) ppm; 13C-NMR: (125 MHz,
CDCl3) δ 156.6 (C), 150.7 (C), 144.6 (C), 137.3 (C), 128.7 (CH), 45.3
(CH2), 44.3 (CH2), 41.9 (CH2), 40.3 (CH2), 27.0 (CH2), 22.1 (CH2), 18.1
(CH3) ppm; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for C16H25N4OS
321.1743; found 321.1759.

1-((3s,5s,7s)-Adamantan-1-yl)-3-(3-(2-oxoazepan-1-yl)propyl)thi-
ourea (4ba): Yellow gum; 1H-NMR: (500 MHz, CDCl3) δ 7.22 (bs, 1H),
5.90 (bs, 1H), 3.61� 3.57 (m, 2H), 3.37 (t, J=5.8 Hz, 2H), 3.32 (t, J=

4.7 Hz, 2H), 2.51 (t, J=5.7 Hz, 2H), 2.09 (bs, 3 H), 2.02 (bs, 6H),
1.73� 1.62 (m, 14H) ppm; 13C-NMR: (125 MHz, CDCl3) δ 179.7, 177.0,
53.8, 49.9, 45.6, 41.9, 41.6, 37.2, 35.9, 30.0, 29.5, 28.7, 27.2, 23.5 ppm;

HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for C20H34N3OS 364.2417;
found 364.2408.

1-(2-(1H-Indol-3-yl)ethyl)-3-(3-(2-oxoazepan-1-yl)propyl)thiourea
(4ca): Yellow gum; 1H-NMR: (500 MHz, CDCl3) δ 8.63 (bs, 1H), 7.56
(d, J=7.9 Hz, 1H), 7.33 (d, J=8.1 Hz, 1H), 7.15 (t, J=7.2 Hz, 1H), 7.08
(t, J=7.8 Hz, 1H), 6.97 (d, J=1.6 Hz, 1H), 6.13 (bs, 1H), 3.68 (bs, 2H),
3.51 (bs, 2H), 3.34� 3.26 (m, 4H), 3.00 (t, J=6.6 Hz, 2H), 2.48 (t, J=

5.5 Hz, 2H), 1.70� 1.59 (m, 8H) ppm; 13C-NMR: (125 MHz, CDCl3) δ
177.3, 136.5, 132.6, 132.1, 127.2, 122.6, 122.1, 119.4, 118.6, 111.3,
49.7, 45.2, 41.0, 37.1, 29.9, 28.3, 26.6, 24.7, 23.4 ppm; HRMS (ESI/Q-
TOF) m/z: [M+H]+ Calcd. for C20H29N4OS 373.2056; found 373.2074.

1-(3-(2-Oxoazepan-1-yl)propyl)-3-(quinolin-3-yl)thiourea (4da):
Beige crystals, m.p. 134–135 °C (water); 1H-NMR: (500 MHz, CDCl3) δ
9.18 (bs, 1H), 8.82 (s, 1H), 8.37 (s, 1H), 7.96 (d, J=8.4 Hz, 1H), 7.85
(bs, 1H), 7.71 (d, J=8.1 Hz, 1H), 7.55 (t, J=7.9 Hz, 1H), 7.43 (d, J=

7.7 Hz, 1H), 3.62 (d, J=5.4 Hz, 2H), 3.36 (t, J=6.1 Hz, 2H), 3.26 (t, J=

4.5 Hz, 2H), 2.39 (t, J=5.4 Hz, 2H), 1.77 (m, 2H), 1.64 (d, J=5.2 Hz,
2H), 1.55 (d, J=4.4 Hz, 4H) ppm; 13C-NMR: (125 MHz, CDCl3) δ 181.0
(C), 177.1 (C), 147.6 (CH), 145.7 (C), 131.7 (C), 129.0 (CH), 128.8 (CH),
128.2 (bs, CH), 128.0 (C), 127.8 (CH), 127.1 (CH), 49.8 (CH2), 45.6
(CH2), 41.6 (CH2), 37.1 (CH2), 29.8 (CH2), 28.4 (CH2), 26.8 (CH2), 23.3
(CH2) ppm; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for C19H25N4OS
357.1743; found 357.1736.

1-(6-Bromopyridin-3-yl)-3-(3-(2-oxoazepan-1-yl)propyl)thiourea
(4ea): White solid, m.p. 182–183 °C (water); 1H-NMR: (500 MHz,
DMSO-d6) δ 9.77 (bs, 1H), 8.40 (d, J=2.7 Hz, 1H), 8.01 (bs, 1H), 7.94
(d, J=6.9 Hz, 1H), 7.56 (d, J=8.6 Hz, 1H), 3.36� 3.30 (m, 6H), 2.42 (t,
J=5.6 Hz, 2H), 1.72� 1.54 (m, 8H) ppm; 13C-NMR: (125 MHz, DMSO-
d6) δ 181.2 (C), 175.3 (C), 145.1 (CH), 136.9 (C), 135.2 (C), 134.1 (CH),
127.7 (CH), 49.0 (CH2), 45.4 (CH2), 42.0 (CH2), 37.0 (CH2), 29.7 (CH2),
28.8 (CH2), 27.5 (CH2), 23.5 (CH2) ppm; HRMS (ESI/Q-TOF) m/z: [M+

H]+ Calcd. for C15H22BrN4OS 385.0692; found 385.0699.

1-Benzyl-3-(2,6-dimethylphenyl)thiourea (6aa): White solid 106–
107 °C (water); 1H-NMR: (500 MHz, CDCl3) δ 7.53 (bs, 1H), 7.33� 7.26
(m, 5H), 7.20� 7.12 (m, 3H), 5.64 (bs, 1H), 4.87 (d, J=5.3 Hz, 2H),
2.28 (s, 6H) ppm; 13C-NMR: (125 MHz, CDCl3) δ 181.4 (C), 137.7 (C,
bs), 137.3 (C), 129.0 (CH), 128.7 (CH), 127.6 (CH), 127.5 (CH), 49.2
(CH2), 18.1 (CH3) ppm; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for
C16H19N2S 271.1263; found 271.1261.

1-Benzyl-3-(4-fluorophenyl)thiourea (6 fa): Brown solid, m.p. 112–
113 °C (water; ref.[79] 106� 108 °C); 1H-NMR: (500 MHz, DMSO-d6,
ref.[79]) δ 9.54 (bs, 1H), 8.13 (bs, 1H), 7.44� 7.41 (m, 2H), 7.34� 7.33
(m, 4H), 7.27� 7.24 (m, 1H), 7.16 (t, J=8.8 Hz, 2H), 4.73 (d, J=5.4 Hz,
2H) ppm.

1-Benzyl-3-(4-methoxyphenyl)thiourea (6ga): Brown solid, m.p.
90–91 °C (water; ref.[80] 113–114 °C); 1H-NMR: (500 MHz, CDCl3, ref.

[80])
δ 7.82 (bs, 1H), 7.34� 7.27 (m, 5H), 7.16 (d, J=8.6 Hz, 2H), 6.91 (d,

Table 3. Preparation of polysulfide solutions according to the general procedure.

Amine Sulfur
[mg, mmol]

Amine
[μL or mg,
mmol]

Water
[mL]

T
[°C]

1,5-Diazabicyclo[4.3.0]non-5-ene 32, 1.00 310, 2.50 2.19 60
1,5,7-Triazabicyclo[4.4.0]dec-5-ene 32, 1.00 348, 2.50 2.50 60
7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene 32, 1.00 360, 2.50 2.17 60
N,N,N‘,N‘,N“-pentamethyldiethylenetriamine 32, 1.00 522, 2.50 1.98 70
1,4-Diazabicyclo[2.2.2]octane 8, 0.25 280, 2.50 2.50 60
Triethylamine 32, 1.00 348, 2.50 2.16[a] 60
N-ethylpiperidine 16, 0.50 343, 2.50 2.16[a] 60
Quinine 12, 0.38 203, 0.63 2.50[b] 60

[a] 1 : 1 mixture of water and acetonitrile. [b] 1 : 1 mixture of water and THF.
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J=8.6 Hz, 2H), 6.09 (bs, 1H), 4.87 (d, J=5.2 Hz, 2H), 3.80 (s, 3H)
ppm.

1-Benzyl-3-cyclohexylthiourea (6ha): Beige solid, m.p. 108–109 °C
(water; ref.[81] 89–90 °C); 1H-NMR: (500 MHz, CDCl3, ref.

[82]) δ
7.34� 7.30 (m, 5H), 6.16 (bs, 1H), 5.79 (bs, 1H), 4.62 (bs, 2H), 3.85 (bs,
1H), 1.95� 1.93 (m, 2H), 1.65� 1.56 (m, 3H), 1.34� 1.13 (m, 5H) ppm;
HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for C14H21N2S 249.1419;
found 249.1419.

1-Benzyl-3-(tert-butyl)thiourea (6ia): White solid, m.p. 93–94 °C
(water; ref.[83] 94 °C); 1H-NMR: (500 MHz, CDCl3, mixture of E/Z
isomers, ref[83]) δ 7.38� 7.30 (m, 5H), 6.01 (bs, 1H), 5.86 (bs, 1H),
4.78� 4.77 (m, 2H), 1.39 (s, 9H) ppm.

1-(2,6-Dimethylphenyl)thiourea (6ab): White solid, m.p. 184–
185 °C (water; ref.[84] 205–207 °C); 1H-NMR: (500 MHz, CDCl3, mixture
of E/Z isomers ref.[85]) δ 7.77 (bs, 1H), 7.22� 7.19 (m, 1H), 7.15� 7.13
(m, 2H), 6.23 (bs, 1H), 5.33 (bs, 1H), 2.30 (s, 6H) ppm; HRMS (ESI/Q-
TOF) m/z: [M+H]+ Calcd. for C9H13N2S 181.0793; found 181.0799.

1-(2,6-Dimethylphenyl)-3-hexylthiourea (6ac): White solid, m.p.
92–93 °C (water); 1H-NMR: (500 MHz, CDCl3) δ 7.39 (bs, 1H),
7.21� 7.18 (m, 1H), 7.14� 7.13 (m, 2H), 5.32 (bs, 1H), 3.57 (q, J=

6.7 Hz, 2H), 2.26 (s, 6H), 1.49� 1.46 (m, 2H), 1.23 (m, 6H), 0.84 (t, J=

6.9 Hz, 2H) ppm; 13C-NMR: (125 MHz, CDCl3) δ 180.9 (C), 137.4 (C),
129.0 (CH), 128.9 (CH), 45.3 (CH2), 31.3 (CH2), 29.2 (CH2), 26.4 (CH2),
22.5 (CH2), 18.0 (CH3), 13.9 (CH3) ppm; HRMS (ESI/Q-TOF) m/z: [M+

H]+ Calcd. for C15H25N2S 265.1732; found 265.1736.

1-Allyl-3-(2,6-dimethylphenyl)thiourea (6ad): Beige solid, m.p. 64–
65 °C (water; ref.[86] 75 °C); 1H-NMR: (500 MHz, CDCl3) δ 7.78 (bs, 1H),
7.18� 7.12 (m, 3H), 5.83� 5.78 (m, 1H), 5.38 (bs, 1H), 5.08� 5.06 (m,
2H), 4.23 (m, 2H), 2.26 (s, 6H) ppm; 13C-NMR: (125 MHz, CDCl3) δ
181.1 (C), 137.3 (C), 133.6 (CH), 129.0 (bs, CH), 116.7 (CH2), 47.5
(CH2), 18.1 (CH3) ppm; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for
C12H17N2S 221.1106; found 221.1114.

(S)-1-(2,6-Dimethylphenyl)-3-(1-phenylethyl)thiourea (6ae): White
solid, m.p. 117–118 °C (water); 1H-NMR: (500 MHz, CDCl3, mixture of
E/Z isomers) δ 7.56 (bs, 1H), 7.30� 7.11 (m, 8H), 5.75 (bs, 1H), 5.48
(bs, 1H), 2.24 ((two signals: 2.30 (s), 2.17 (s)) 6H), 1.48 ((two signals:
1.48 (s), 1.47 (s)) 3H) ppm; 13C-NMR: (125 MHz, CDCl3) δ 180.3, 142.4,
137.3, 132.7, 129.0 (bs), 128.6 (bs), 127.4 (bs), 126.0, 53.8, 21.2 (bs),
18.0 ppm; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for C17H21N2S
285.1419; found 285.1426.

1-(2-(1H-indol-3-yl)ethyl)-3-(2,6-dimethylphenyl)thiourea (6af):
Beige solid, m.p. 174–175 °C (water; ref.[87] 184–186 °C); 1H-NMR:
(500 MHz, CDCl3, ref

[87]) δ 7.93 (bs, 1H), 7.53 (d, J=7.9 Hz, 1H), 7.33
(d, J=8.1 Hz, 1H), 7.22� 7.11 (m, 3H), 7.07 (d, J=7.5 Hz, 1H), 7.02 (d,
J=7.5 Hz, 2H), 6.78 (s, 1H), 5.41 (bs, 1H), 3.91 (q, J=6.4 Hz, 2H), 2.99
(q, J=6.8 Hz, 2H), 2.08 (s, 6H) ppm; 13C-NMR: (125 MHz, CDCl3) δ
137.4, 136.6, 132.8, 129.1, 127.2, 122.5, 122.1, 119.8, 118.8, 112.5,
111.3, 45.4, 25.0, 18.0 ppm.

1-Cyclohexyl-3-(2,6-dimethylphenyl)thiourea (6ag): White solid,
m.p. 124–125 °C (water); 1H-NMR: (500 MHz, CDCl3) δ 7.41 (bs, 1H),
7.20� 7.12 (m, 3H), 5.14 (bs, 1H), 4.24 (bs, 1H), 2.25 (s, 6H),
1.99� 1.97 (m, 2H), 1.60� 1.58 (m, 3H), 1.39� 1.34 (m, 2H), 1.07� 0.97
(m, 3H) ppm; 13C-NMR: (125 MHz, CDCl3) δ 179.5, 137.3, 129.0 (bs),
128.9 (bs), 110.0, 53.6, 32.8, 25.4, 24.7, 18.0 ppm; HRMS (ESI/Q-TOF)
m/z: [M+H]+ Calcd. for C15H23N2S 263.1576; found 263.1579.

1-((1S,3R,5S)-Adamantan-1-yl)-3-(2,6-dimethylphenyl)thiourea
(6ah): White solid, m.p. 145–146 °C (water); 1H-NMR: (500 MHz,
CDCl3) δ 7.19� 7.11 (m, 3H), 7.03 (bs, 1H), 5.16 (bs, 1H), 2.26 (s, 6H),
2.12 (s, 6H), 2.06 (s, 3H), 1.64 (s, 6H) ppm; 13C-NMR: (125 MHz, CDCl3)
δ 137.2, 128.9 (bs), 128.8 (bs), 110.0, 54.1, 41.6 (bs), 36.2, 29.5,

18.1 ppm; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for C19H27N2S
315.1889; found 315.1889.

1-(tert-Butyl)-3-(2,6-dimethylphenyl)thiourea (6ai): White solid,
m.p. 123–124 °C (water); 1H-NMR: (500 MHz, CDCl3) δ 7.19� 7.11 (m,
4H), 5.27 (bs, 1H), 2.25 (s, 6H), 1.43 (s, 9H) ppm; 13C-NMR: (125 MHz,
CDCl3) δ 137.1, 128.9 (bs), 128.8 (bs), 110.0, 53.6, 28.9 (bs), 18.1 (bs)
ppm; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for C13H21N2S
237.1419; found 237.1419.

N-(2,6-Dimethylphenyl)morpholine-4-carbothioamide (6aj): White
solid, m.p. 163–164 °C (water; ref.[88] 138–140 °C); 1H-NMR: (500 MHz,
CDCl3, ref.

[88]) δ 7.15� 7.08 (m, 3H), 6.84 (bs, 1H), 3.84 (t, J=4.4 Hz,
2H), 3.73 (t, J=5.1 Hz, 2H), 2.25 (s, 6H) ppm.

N-(2,6-Dimethylphenyl)-2-phenylhydrazine-1-carbothioamide
(6ak): White solid, m.p. 194–195 °C (water); 1H-NMR: (500 MHz,
DMSO-d6, mixture of E/Z isomers) δ 9.53 (bs, 1H), 9.40 (bs, 1H), 8.07
(bs, 1H), 7.23 (t, J=7.1 Hz, 2H), 7.07� 7.03 (m, 3H), 6.82 (m, 3H), 2.19
((two signals: 2.23 (s), 2.14 (s)), 6H), ppm; 13C-NMR: (125 MHz, CDCl3)
δ 136.8, 129.2, 127.9 (bs), 127.0 (bs), 120.0 (bs), 113.4, 18.5 ppm;
HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for C15H18N3S 272.1215;
found 272.1221.

((2,6-Dimethylphenyl)carbamothioyl)-L-tryptophan (6al): After
complete consumption of the isocyanide, the reaction mixture was
acidified with 10% aq. HCl and the precipitate was filtered. Next,
the crude product was treated with 1.0 M aq. NaOH at room
temperature for 0.5 h and the mixture was filtered. Then, the
product was precipitated with 10% aq. HCl and filtered to provide
the thiourea 6al in 66% yield. Yellow solid, m.p. 120–121 °C (water);
1H-NMR: (500 MHz, CDCl3, mixture of E/Z isomers) δ 8.06 (s, 1H),
7.82 (s, 1H), 7.36 (d, J=7.5 Hz, 1H), 7.28 (d, J=8.2 Hz, 1H), 7.14 (t,
J=7.4 Hz, 1H), 7.06 (t, J=7.6 Hz, 1H), 7.00 (t, J=7.5 Hz, 1H),
6.93� 6.89 (m, 2H), 6.72 (s, 1H), 5.63 (d, J=6.2 Hz, 1H), 5.35 (d, J=

5.8 Hz, 1H), 3.35 (dd, J1=14.7 Hz, J2=4.8 Hz, 1H), 3.21 (dd, J1=

14.9 Hz, J2=6.4 Hz, 1H), 2.06 (s, 3H), 1.84 (s, 3H) ppm; 13C-NMR:
(125 MHz, CDCl3) δ 180.7 (C), 176.0 (C), 137.2 (C), 137.0 (C), 136.0
(C), 132.1 (C), 128.9 (CH), 128.7 (CH), 127.3 (C), 122.8 (CH), 122.2
(CH), 120.0 (CH), 118.1 (CH), 111.2 (CH), 109.1 (C), 57.8 (CH), 27.0
(CH2), 17.7 (CH3), 17.6 (CH3) ppm; HRMS (ESI/Q-TOF) m/z: [M+H]+

Calcd. for C20H22N3O2S 368.1427; found 368.1430.

1-(2,6-Dimethylphenyl)-3-phenylthiourea (6am): White solid, m.p.
170–171 °C (water; ref.[89] 203–205 °C); 1H-NMR: (500 MHz, DMSO-d6,
ref.[90]) δ 9.87 (bs, 1H), 8.98 (bs, 1H), 7.52� 7.09 (m, 8H), 2.22 (s, 6H)
ppm.

1-(2,6-Dimethylphenyl)-3-(o–tolyl)thiourea (6an): White solid, m.p.
205–206 °C (water); 1H-NMR: (500 MHz, DMSO-d6) δ 9.40 (bs, 1H),
8.63 (bs, 1H), 7.28� 7.05 (m, 7H), 2.29� 2.19 (m, 9H) ppm; 13C-NMR:
(125 MHz, DMSO-d6) δ 137.2 (bs), 136.6. (bs), 136.4 (bs), 130.5 (bs),
128.3 (bs), 128.1, 127.7, 127.5 (bs), 126.4 (bs), 120.0, 18.0, 17.7 ppm;
HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for C16H19N2S 271.1263;
found 271.1272.

1-(2,6-Dimethylphenyl)-3-(p–tolyl)thiourea (6ao): White solid, m.p.
156–157 °C (water); 1H-NMR: (500 MHz, DMSO-d6) δ 9.75 (bs, 1H),
8.84 (bs, 1H), 7.34� 7.08 (m, 7H), 2.28 (s, 3H), 2.21 (s, 6H) ppm; 13C-
NMR: (125 MHz, DMSO-d6) δ 180.2, 137.2 (bs), 136.8, 136.3, 133.7,
129.2 (bs), 128.8, 128.1, 127.6 (bs), 126.7 (bs), 123.9, 123.6 (bs), 20.5,
18.1 ppm; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for C16H19N2S
271.1263; found 217.1268.

1,3-bis(2,6-Dimethylphenyl)thiourea (6ap): White solid, m.p. 203–
204 °C (water; ref.[91] 230–232 °C); 1H-NMR: (500 MHz, CDCl3) δ 8.13
(bs, 1H), 7.25� 7.19 (m, 3H), 7.11� 7.03 (m, 3H), 6.49 (bs, 1H), 2.45 (s,
3H), 2.24 (s, 6H) ppm; 13C-NMR: (125 MHz, CDCl3) δ 180.9 (C), 137.7
(C), 136.5 (C), 135.7 (C), 133.2 (C), 129.3 (CH), 129.1 (CH), 128.3 (CH),
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128.1 (CH), 18.7 (CH3), 18.3 (CH3) ppm; HRMS (ESI/Q-TOF) m/z: [M+

H]+ Calcd. for C17H21N2S 285.1419; found 285.1422.

1-(2,6-Dimethylphenyl)-3-(4-methoxyphenyl)thiourea (6aq): Yel-
low solid, m.p. 147–148 °C (water); 1H-NMR: (500 MHz, DMSO-d6) δ
9.64 (bs, 1H), 8.73 (bs, 1H), 7.31 (m, 2H), 7.07 (m, 3H), 6.91 (m, 2H),
3.74 (s, 3H), 2.20 (s, 6H) ppm; 13C-NMR: (125 MHz, DMSO-d6) δ 181.0,
157.1, 136.8, 128.0 (bs), 114.5 (bs), 55.7, 18.5 ppm; HRMS (ESI/Q-
TOF) m/z: [M+H]+ Calcd. for C16H19N2OS 287.1212; found 287.1217.

1-(2,6-Dimethylphenyl)-3-(3,4,5-trimethoxyphenyl)thiourea (6ar):
White solid, m.p. 170–171 °C (water); 1H-NMR: (500 MHz, DMSO-d6)
δ 9.78 (bs, 1H), 8.89 (bs, 1H), 7.08 (m, 3H), 6.82 (s, 2H), 3.76 (s, 6H),
3.65 (s, 3H), 2.21 (s, 6H) ppm; 13C-NMR: (125 MHz, DMSO-d6) δ 179.8,
152.8 (bs), 137.4 (bs), 136.3, 134.6, 127.6 (bs), 126.7 (bs), 101.2 (bs),
60.0, 55.8, 18.1 ppm; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for
C18H23N2O3S 347.1423; found 347.1435

1-(4-Chlorophenyl)-3-(2,6-dimethylphenyl)thiourea (6as): Off
white solid 136–137 °C (water); 1H-NMR: (500 MHz, DMSO-d6) δ 9.93
(bs, 1H), 9.02 (bs, 1H), 7.55� 7.27 (m, 4H), 7.09� 7.06 (m, 3H), 2.20 (s,
6H) ppm; 13C-NMR: (125 MHz, DMSO-d6) δ 180.3, 138.3, 136.3, 128.5
(bs), 128.3, 127.7 (bs), 126.8 (bs), 125.3, 124.7 (bs), 18.0 ppm; HRMS
(ESI/Q-TOF) m/z: [M+H]+ Calcd. for C15H16ClN2S 291.0717; found
291.0725.

1-(4-Bromophenyl)-3-(2,6-dimethylphenyl)thiourea (6at): Off
white solid 128–129 °C (water); 1H-NMR: (500 MHz, DMSO-d6) δ 9.91
(bs, 1H), 9.04 (bs, 1H), 7.52� 7.45 (m, 5H), 7.09 (m, 3H), 2.21 (s, 3H)
ppm; 13C-NMR: (125 MHz, DMSO-d6) δ 180.8 (C), 139.2 (C), 136.8 (C),
131.7 (CH), 126.1 (CH), 117.0 (C), 18.5 (CH3) ppm; HRMS (ESI/Q-TOF)
m/z: [M+H]+ Calcd. for C15H16BrN2S 335.0212; found 335.0212.

1-(4-Iodophenyl)-3-(2,6-dimethylphenyl)thiourea (6au): Off white
solid 159–160 °C (water); 1H-NMR: (500 MHz, DMSO-d6) δ 9.93 (bs,
1H), 9.07 (bs, 1H), 7.66 (m, 2H), 7.40� 7.34 (m, 2H), 7.09 (m, 3H), 2.20
(s, 6H) ppm; 13C-NMR: (125 MHz, DMSO-d6) δ 180.2, 139.2, 137.1 (bs),
137.0, 136.2, 127.6 (bs), 126.8 (bs), 125.6, 125.1 (bs), 18.0 ppm;
HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for C15H16IN2S 383.0073;
found 383.0073.

1-(2,6-Dimethylphenyl)-3-(4-hydroxyphenyl)thiourea (6av): White
solid, m.p. 165–166 °C (water); 1H-NMR: (500 MHz, DMSO-d6) δ 9.51
(bs, 1H), 9.33 (bs, 1H), 8.62 (bs, 1H), 7.16� 7.06 (m, 4H), 6.74 (s, 2H),
2.19 (s, 6H) ppm; 13C-NMR: (125 MHz, DMSO-d6) δ 180.4, 155.0,
136.4, 127.5 (bs), 126.5 (bs), 115.3 (bs), 18.0 ppm; HRMS (ESI/Q-TOF)
m/z: [M+H]+ Calcd. for C15H17N2OS 273.1056; found 273.1062.

Synthesis of 1-(isopentyloxy)-4-nitrobenzene (9): To the mixture
of 4-nitrophenol (7, 4.17 g, 30 mmol), dimethylformamide (80 mL)
and NaOH (3.60 g, 90 mmol), 1-bromo-3-methylbutane (8, 13.59 g,
90 mmol) was added, and the resulted mixture was refluxed for
3 hours. The solvent was evaporated and the residue was
partitioned between diethyl ether (20 mL) and 1.0 M hydrochloric
acid. The aqueous phase was extracted with diethyl ether (2×
20 mL), and the organic phases were combined. Evaporation of the
solvent, followed by flash column chromatography on silica gel in
hexane-ethyl acetate provided 9 in 70% yield (4.42 g). Brown oil;
1H-NMR: (500 MHz, CDCl3, ref.

[92]) δ 8.18� 8.15 (m, 2H), 6.94� 6.91 (m,
2H), 4.07 (t, J=6.7 Hz, 2H), 1.86� 1.80 (m, 1H), 1.70 (q, J=6.7 Hz,
2H), 0.97 (d, J=6.7 Hz, 6H) ppm.

Synthesis of 4-(isopentyloxy)aniline (10): To the solution of 1-
(isopentyloxy)-4-nitrobenzene (9, 4.19 g, 20 mmol) in ethyl acetate
(80 mL), 10% Pd/C (0.2 mmol) was added and the resulting mixture
was stirred under a hydrogen atmosphere of 4–7 bar for 1 hour.
The reaction mixture was filtered through celite and the evapo-
ration of the solvent provided 10 in quantitative yield (3.59 g).
Brown oil; 1H-NMR: (500 MHz, CDCl3, ref.

[92]) δ 6.74 (d, J=8.8 Hz, 2H),
6.64 (d, J=8.8 Hz, 2H), 3.92 (t, J=6.7 Hz, 2H), 3.40 (bs, 2H),

1.86� 1.78 (m, 1H), 1.64 (q, J=6.8 Hz, 2H), 0.95 (d, J=6.6 Hz, 6H)
ppm.

Synthesis of N-(4-(isopentyloxy)phenyl)formamide (11): To formic
acid (1.66 mL, 44 mmol) at 0 °C acetic anhydride (3.40 mL, 36 mmol)
was added, then the mixture was heated up to 60 °C for 2 h. After
cooling to 0 °C the reaction mixture was diluted with tetrahydrofur-
an (15 mL) and the solution of the amine 10 (1.79 g, 10 mmol) in
tetrahydrofuran (15 mL) was added carefully. After the complete
consumption of the amine followed by TLC, the volatiles were
evaporated providing 11 in quantitative yield (2.07 g). Yellow oil;
1H-NMR: (500 MHz, CDCl3, mixture of E/Z isomers) δ 8.51 (d, J=

11.5 Hz, 0.46H), 8.35 (d, J=1.7 Hz, 0.54H), 7.44 (m, 1H), 7.03 (m, 1H),
6.91� 6.87 (m, 2H), 4.00� 3.97 (m, 2H), 1.88� 1.81 (m, 1H), 1.71� 1.66
(m, 2H), 0.99� 0.97 (m, 6H) ppm; 13C-NMR: (125 MHz, CDCl3) δ 158.6,
129.6, 121.9, 121.7, 117.0, 115.53, 114.9, 110.0, 66.7, 38.0, 25.1,
22.6 ppm; HRMS (ESI/Q-TOF) m/z: [M+H]+ Calcd. for C12H18NO2
208.1332; found 208.1332.

Synthesis of 1-isocyano-4-(isopentyloxy)benzene (12): To a
solution of formamide 11 (1.66 g, 8 mmol) in tetrahydrofuran
(10 mL) and triethylamine (8.92 mL, 64 mmol) was added
phosphoryl chloride (1.50 mL, 16 mmol) dropwise at 0 °C. The
resulted mixture was stirred under reflux until the consumption
of 11 followed by TLC. Afterwards, aqueous sodium hydro-
gencarbonate (20 mL) was added slowly under ice cooling, then
the reaction mixture was extracted with dichloromethane (2×
20 mL) and the organic layer was washed with brine (20 mL).
Evaporation of the solvent followed by purification by flash
column chromatography in hexane-ethyl acetate on aluminium
oxide led to 12 in 73% yield (1.10 g). Green oil; 1H-NMR:
(500 MHz, CDCl3, ref.

[93]) δ 7.28 (d, J=8.9 Hz, 2H), 6.85 (d, J=

9.0 Hz, 2H), 3.99 (t, J=6.7 Hz, 2H), 1.86� 1.78 (m, 1H), 1.68 (q, J=

6.7 Hz, 2H), 0.97 (d, J=6.7 Hz, 6H) ppm.

Synthesis of 1,3-bis(4-(isopentyloxy)phenyl)thiourea (Isoxyl®, thi-
ocarlide, 13): 1-Isocyano-4-(isopentyloxy)benzene (12, 95 mg,
0.5 mmol) and 4-(isopentyloxy)aniline (11, 134 mg, 0.75 mmol) was
added to the aqueous solution of sulfur and PMDTA (2.5 mL, 1.0 M
PMDTA, 0.4 M sulfur) and stirred vigorously at 60 °C for 0.5 hour.
After filtration of the reaction mixture, the solid was washed with
water, then with 0.5 M hydrochloric acid, and finally with water to
provide 13 in 84% yield (168 mg). Pale yellow solid, m.p. 136–
137 °C (water; ref.[78] 139–141 °C, dichloromethane); 1H-NMR:
(500 MHz, DMSO-d6, ref.

[78]) δ 9.39 (bs, 2H), 7.30 (d, J=8.4 Hz, 4H),
6.88 (d, J=8.5 Hz, 4H), 3.97 (t, J=6.4 Hz, 4H), 1.81� 1.75 (m, 2H),
1.60 (q, J=6.4 Hz, 4H), 0.93 (d, J=6.5 Hz, 12H) ppm.
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