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Potassium poly(heptazine imide), a carbon nitride based photocatalyst, eﬀectively promotes the Kindler reaction of thioamide
bond formation using amines and elemental sulfur as building
blocks under visible light irradiation. The feasibility of the developed methodology was conﬁrmed using 14 diﬀerent primary and
secondary amines, including substituted benzylamines and heterocyclic and aliphatic methylamines, which were successfully converted into thioamides with 68–92% isolated yields.

In recent years, usage of visible light energy as a driving force
for organic synthesis has gained significant attention.1,2 A
large body of studies has been published, where diﬀerent
organic dyes3–6 or metal complexes7–9 are used as photocatalysts. These catalysts have already proven to be very eﬃcient for
a broad range of photocatalytic reactions. Nevertheless, the
increasing applicability puts new requests on the photocatalyst
price, durability, eﬃciency and reusability and motivates scientists to search for new materials that would meet the aforementioned requirements. In this view, graphitic carbon nitride
could complement the toolbox of well-acknowledged
photocatalysts,10–13 like [Ir( ppy)2(dtb-bpy)]PF6,14 [Ru(bpy)3]15
etc. The use of carbon nitride in addition expands the spectrum of organic photoreactions and enables reaction conditions under which metal based photocatalysts are not stable,
e.g. those involving organophosphorus or organosulfur
reagents. Carbon nitride as a heterogeneous, metal free system
is known to be stable against all those and also NOx, CO,
singlet oxygen and many others.
Potassium poly(heptazine imide), hereafter K-PHI, is a
recent addition to the family of carbon nitride like materials
(Fig. 1).16 Diﬀerent from polymeric graphitic carbon nitride, it
has an ionic nature and can, for instance, reversibly exchange
cations in salt solution and form composites with MOFs.17,18
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The main feature important for photocatalysis is however its
highly positive valence band potential (+2.6 eV) and the
eﬀective photocharge separation in this system.19 The ultrahigh charge carrier mobility enhances the catalytic activity in
the photooxidation process.20 K-PHI has already proved its
eﬀectiveness in the metal free water oxidation and oxidation of
alcohols accompanied by Hantzsch pyridine synthesis.21,22
Besides, K-PHI is based only on organic mass chemicals,
which makes a targeted prize for a scaled up version in the
range of a few € per kg possible.
In the current contribution, we intended to reanalyze the
problem of photochemical amine oxidation, using elemental
sulfur as a sacrificial electron acceptor. This situation mimics

Fig. 1

K-PHI structure (a), TEM (b) and SEM (c) images of K-PHI.
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in one or the other way the reductive character of Earth’s early
oceans and atmosphere and favors carbon nitride to be inert
against such conditions.
Interestingly, it turned out that K-PHI is a very eﬀective
photocatalyst to create thioamides, which often occur in the
structure of biologically active compounds,23,24 and also serves
as a convenient building block to synthesize complex organic
molecules25,26 or in total synthesis.27 Among the existing
methods for the synthesis of thioamides the basic methods
are: transformation of amides into thioamides using
Lawesson’s reagent,28,29 and the Kindler thioamide synthesis –
a multicomponent reaction between aldehydes,30–33 ketones34
or amines35 and sulfuration reagents (Scheme 1). However,
these methods often face the problem of low conversions,
harsh reaction conditions, and the usage of less pleasant
reagents.
Elemental sulfur on the other hand is omni-available, nontoxic, and low priced, and its utilization as a reagent in thioamide synthesis looks appealing. Following these thoughts, in
this work we have developed a new method that furnishes
thioamides and even short chain thiopeptides from the corresponding amines and elemental sulfur in high yields and selectivities under visible light irradiation using K-PHI as a
photocatalyst.
The photocatalyst, K-PHI, was synthesized according to the
described procedure.22 In the first model reaction of thioamide 2a synthesis, benzylamine was used as a reference molecule to optimize the reaction conditions (Scheme 2, Table 1).
Thioamide 2a was not formed in the control experiments,
without photocatalysts (entry 1) or light irradiation (entry 2).
When K-PHI was used as a photocatalyst and the reaction
mixture was irradiated with a blue light diode, the highest conversion of benzylamine (99%) and the highest selectivity with
respect to thioamide 2a were obtained after 20 hours of
running the reaction at 70 °C in dioxane (entries 3 and 7) or
after 100 hours at 30 °C (entry 9). The durability of K-PHI was
assessed (entries 4 and 5). After the third cycle, conversion
remained at 99%, while selectivity toward thioamide had

Scheme 1

Thioamide synthesis approaches.

Scheme 2
sulphur.

Photocatalytic reaction of benzylamine with elemental
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Table 1 Optimization of conditions for photocatalytic transformation
of benzylamine into corresponding thioamidea

Entry

Solvent

Catalyst

1c
2d
3
4e
5f
6
7g
8g
9g
10g
11
12
13

Dioxane
Dioxane
Dioxane
Dioxane
Dioxane
THF
Dioxane
THF
Dioxane
THF
Benzene
Methanol
Dioxane

14

Dioxane

—
K-PHI
K-PHI
K-PHI
K-PHI
K-PHI
K-PHI
K-PHI
K-PHI
K-PHI
K-PHI
K-PHI
mpgCN
Na-PHI

Temp
(°C)

Time
(h)

Conv.
(%)

2a/
3a b

70
70
70
70
70
70
70
70
30
30
70
70
70

20
20
20
20
20
20
20
20
100
100
20
20
20

10
18
99
99
99
99
99
70
99
97
99
80
51

0:1
0:1
24 : 1
24 : 1
19 : 1
19 : 1
24 : 1
19 : 1
24 : 1
9:2
3:7
—
1.7 : 1

70

20

64

1.8 : 1

a
Reaction conditions: Benzylamine (0.5 mmol), sulphur (1.5 mmol),
photocatalyst (20 mg), solvent (2 ml), λ = 461 nm. b Molar ratio
between compounds 2a and 3a was determined by 1H NMR. c Without
photocatalysts. d Without light irradiation. e Recycled K-PHI (second
run). f Recycled K-PHI (third run). g 10 mg of photocatalyst.

slightly decreased. In general, the structure of K-PHI is stable
under the conditions of thioamide synthesis as concluded
from the identity of powder X-Ray diﬀraction (PXRD) patterns
and Fourier-transform infrared (FT-IR) spectra of this material
before and after photocatalytic experiments (Fig. S2†). When
tetrahydrofuran (THF) was used as a solvent (entries 6, 8 and
10) both selectivity and conversion were found to be slightly
lower. We attribute these findings to a lower stability of THF
compared to dioxane under the given reaction conditions –
small quantities of tetrahydrothiophene were detected in the
reaction mixture, indicating the sensitivity of THF against cationic attack. A lower selectivity for thioamide (30%) was
observed when the reaction was performed in benzene (entry
11). In non-polar solvents in general, the heterogeneous photocatalysts’ particles agglomerate, and only a small fraction of
the particles participate in light absorption and subsequent
photocatalytic transformations. Indeed, aqueous solvent
systems would be ideal, but were not chosen because of low
substrate solubility.
Methanol (entry 12) as a redox active solvent under the reaction conditions is oxidized to formaldehyde that reacts with
benzyl amine giving a mixture of unidentified products as evidenced by 1H NMR. In order to compare the photocatalytic
activity of K-PHI with other carbon nitride materials, mesoporous graphitic carbon nitride (mpg-CN) was tested under the
optimized conditions (entry 13). Significantly lower conversion
(51%) and selectivities toward thioamide 2a were observed. It
may be explained by the existence of the competitive pathways
in which an intermediate imine could potentially participate
and which are much better promoted by mpg-CN.
Interestingly, the activity of Na-PHI under identical conditions
was lower than that of K-PHI (entry 14). The main reason
apparently lies in morphological diﬀerences of these two
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materials. The rod-like morphology with a pronounced stacking of poly(heptazine imide) layers in K-PHI facilitates the
transport of the photogenerated charge carriers between the
layers better compared to the plate-like morphology of
Na-PHI.16 Also more selective absorption of reagents on the
surface of K-PHI compared to Na-PHI cannot be excluded.
To analyse the potential width of this reaction, we expanded
the substrate scope onto substituted benzylamines and heterocyclic and aliphatic amines. The results with isolated yields are
summarized in Scheme 3. Thus, the model thioamide 2a was
isolated with 90% yield. Under the optimized reaction conditions substituted benzylamines gave corresponding thioamides 2b–d in excellent yields. At the same time 4-aminobenzylamine gave corresponding thioamide 2e with slightly lower
yield (76%). This could be due to the presence of the aromatic
amino group that could also be oxidized by K-PHI. Notably, 2and 3-picolylamines and also 2-aminomethylfuran gave thioamides 2f,g,i also with high yields. In the case of 4-picolylamine, the corresponding thioamide 2h was obtained along
with a small amount of 4-cyanopyridine as proved by GC-MS.
Apparently, the latter is the product of oxidative dehydrogenation of the starting amine. Because of the high sensitivity of
the intermediates of aliphatic thioamides 2j,k, we were unable
to isolate these compounds when the reaction was performed
at 70 °C. However, due to high activity, K-PHI enables the
selective oxidation of organic substrates even at room temperature – thioamides 2j,k were obtained in high yields. At those
temperatures, the reaction time was extended, and tert-butanol
was used as a solvent. The value of K-PHI as a photocatalyst
for synthetic organic chemistry can be illustrated by thio-

Scheme 3 Photocatalytic preparation of thioamides from aryl- and
hetarylmethylamines and aliphatic amines. The isolated yields are given
in brackets.
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Scheme 4

Unusual behavior of 2-methylbenzylamine.

amides 2b,e,g,h,j,k which are not described in the literature.
These molecules quite likely could not be synthesized using
the traditional methods listed at the beginning of this report.
Nevertheless, K-PHI synthesizes the aforementioned molecules
in high yields.
Interestingly, the reactivity of 2-methylbenzylamine 1l
diﬀers drastically from the rest of the analysed amines
(Scheme 4). Under the standard reaction conditions it does
not give any thioamides, and only imine 3l was isolated as the
sole product. This is possible due to the steric hindrance
created by the methyl group near the reactive centre.
The developed reaction of photocatalytic thioamide synthesis was finally expanded onto the synthesis of nonsymmetric thioamides, those obtained from two diﬀerent
amines (Scheme 5). A threefold excess of amines 1m–o versus
benzyl amine allowed for thioamides 2m–o synthesis in
72–83% isolated yields.
Finally, the feasibility of the developed method was applied
in a short chain thiopeptide synthesis. p-Xylylenediamine and
m-xylylenediamine were selected as the substrates. The chain
extension is apparently terminated at the trimer and dimer
steps in the case of p- and m-xylylenediamine, respectively, as
evidenced by size-exclusion chromatography (SEC) most probably only because of the low solubility of these thiopeptides
(Fig. S3†). We therefore expect higher molecular weights of
thiopeptides for aliphatic amines with their higher solubility.
This, however, is a subject of ongoing research.
A possible mechanism scheme of the thioamide photocatalytic synthesis using the example of thioamide 2a is illustrated in Scheme 6. In the initial step, a hole (h+) and electron
(e−) pair is generated upon K-PHI irradiation with visible light.
Similarly to oxygen,36 elemental sulfur is reduced by the
photogenerated electron (e−) aﬀording the polysulfide radical
anion 4. Carbon nitride photocatalyzed oxidation of amines
into the corresponding imines using O2 as a sacrificial electron/proton acceptor was reported in the literature earlier.37 In
all these schemes, the oxidation of benzylamine 1a by the
photogenerated hole in the presence of radical anion 4 yields
imine 5. Polymers or oligomeric sulfur chains 6 can dispropor-

Scheme 5

Synthesis of non-symmetric thioamides.
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tides can be easily converted into peptides under aqueous
conditions.
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Scheme 6
synthesis.

Possible mechanism of the photocatalytic thioamide

Notes and references
tionate under the evolution of H2S. The presence of hydrogen
sulfide was confirmed as Ag2S by passing the gases evolved
during the reaction through the AgNO3 solution. The formation of imine 3a from the benzylamine 1a and imine 5
seems to occur according to the previously reported mechanism.37 The addition of H2S to the imine’s 3a CvN bond produces an intermediate α-aminothiol 7, as was postulated
earlier.30,31 Our results agree with these data. Thus, the independently synthesized imine 3a did not give thioamide 2a
under identical photocatalytic conditions. Another observation
taken as evidence supporting this mechanism is that 2-methylbenzylamine 1l under the photocatalytic conditions gives only
imine 3l probably because of the steric hindrance of the
methyl groups that eﬀectively shield CvN bond against H2S
addition (Scheme 5). Notably, the yield of thioamide 2a
decreases significantly when the reaction is accomplished in
an open reactor enabling H2S to escape from the reaction
medium. The oxidation of α-aminothiol 7 to thioamide 2a
using chemical oxidants such as molecular iodine or K2S2O8
was reported before.30,31 In the present case, the oxidation of
α-aminothiol 7 is accomplished by a further photogenerated
hole (h+) in the presence of polysulfide radical anions. This
one-pot, consecutive double photocatalytic oxidation with
K-PHI thereby is eﬃciently utilized in the synthesis of complex
organic molecules, such as thioamides and even short chain
thiopeptides, from small molecules under very mild
conditions.
In summary, potassium poly(heptazine imide) showed high
eﬃcacy in a photocatalytic, metal-free thioamide bond formation. In the developed method diﬀerent amines and
elemental sulfur were used as reagents while visible light acted
as a driving force to accomplish the reaction. Using this
method, diﬀerent thioamides, also previously not known
species, bearing alkyl, aryl and hetaryl substituents were isolated in good to excellent yields. Limitations of this reaction
were shown as well. The developed method also opens new
horizons in biochemistry for example, photocatalytic terminal
NH-functionalization of peptides. On the other hand, thiopep-
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