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Construction of C� N bond is a central process in organic
synthesis. Typically, it relies on noble-metal catalysts and
prefunctionalized substrates, such as aryl halides. Alternative
and more appealing method is a direct C� H amination of
hydrocarbons that is based on intrinsic reactivity of the in situ
generated radical cations, which are more electrophilic com-
pared to their closed-shell precursors. In this work, we employ
potassium poly(heptazine imide) (K-PHI), a graphitic carbon

nitride semiconductor, to enable C� H amination of electron rich
aromatic hydrocarbons with NH3 and pyrazole under oxidative
conditions. Screening of oxidants, indicate those molecules that
are able to accept not only electrons, but also protons, such as
O2, PhNO2 and Ph2S2, mediate the reaction. As such, multisite
proton-coupled electron transfer (MS-PCET) from the photo-
charged state of K-PHI to the acceptor of electrons and protons
is the key element in the studied photocatalytic process.

Introduction

The ever-growing need for new drug candidates, always more
complex, brought industrial companies in cooperation with
academic partners for the development of unseen chemical
reactivities.[1] Cutting-edge science for this purpose relies on
organocatalysis,[2] electrosynthesis,[3] photoelectrocatalysis[4,5]

and photoredox catalysis.[6] The latter one has been by far the
most employed in industry and it is widely explored for the
synthesis of active pharmaceutical ingredients (APIs).[7] The
ability to generate open-shell intermediates under visible light
provides a new opportunity for developing the most variegated
types of chemical functionalization while avoiding undesired
side reactions caused by high-energy photons (e.g. UV).[8,9]

Cross-couplings are among the most employed methods
exploited for the production of APIs.[10,11] For this reason,
photocatalytic methods are also used for C� N bond formation
in the preparation of substituted anilines.[12] Thus, a combina-
tion of Ni-catalyst and a sensitizer, such as Ir-polypyridyl
complex,[13] mesoporous graphitic carbon nitrides (mpg-CN),[14]

ionic carbon nitride (CN-OA-m),[15] enable coupling of aryl
halides with primary and secondary amines. On the other hand,
unsubstituted anilines are accessible via dual Ni/carbon nitride

photocatalytic approach employing aryl halides, sodium azide,
and triethylamine as a donor of electrons and protons.[16] An
alternative group of methods is based on the direct coupling of
hydrocarbons, employing their intrinsic reactivity, with amines
without aromatic substrate prefunctionalization. Thus, [Mes-
Acr]+/TEMPO system enables the coupling of a broad scope of
azoles with electron-rich aromatic hydrocarbons.[12d] Wang and
König reported hexagonal boron carbon nitride (hBCN) as a
heterogeneous and reusable photocatalyst and O2 as electron
acceptor to couple electron rich hydrocarbons with azoles,
while for preparation of unsubstituted anilines ammonium salts
were used.[17] Nevertheless, for the preparation of unsubstituted
anilines, more appealing would be aqueous ammonia solution
as the cheapest NH3 source.

The mechanistic studies indicate that the role of photo-
catalysts is to generate a radical cation from the hydrocarbon,
which is more susceptible to nucleophilic attack of NH3 or azole.
Therefore, for productive photocatalysis valence band potential
of a semiconductor must be more positive than the oxidation
potential of the hydrocarbon. This primary requirement for the
highly positive potential of the valence band, i. e. +1.88 V vs.
SCE, is met in ionic carbon nitrides, such as potassium
poly(heptazine imide) (K-PHI).[18] The material is obtained under
ionothermal conditions by heating nitrogen-rich precursor, such
as melamine or 5-aminotetrazole, in eutectic mixture of LiCl/KCl
or KCl at 600 °C (ses figure S1 for characterization data).[19] The
material is composed of heptazine units interconnected via
deprotonated (sp2)N atoms, while K+ ions serve to compensate
negative charge (Figure 1a).[20,21]

Combination of medium band gap energy (2.7 eV) and
valence band potential of +1.88 V vs. SCE is translated into the
conduction band potential of � 0.82 V vs. SCE, which renders
the photogenerated electrons to be only moderately reductive.
K-PHI also possesses a unique for graphitic carbon nitrides
property to undergo photocharging.[22] This property is attrib-
uted mainly to the following features: i) ionic structure of the
material screens charges[23] and allows for gradual accumulation
of electrons upon irradiation of K-PHI in the presence of
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electron donors; ii) highly crystalline domains favor the
delocalization of electrons over the aromatic structure; iii) a
highly positive potential of the valance band promotes easy
electron uptake from substrates; iv) the microporous structure,
which is shown in TEM image in Figure S2, allows for the
storage of counterbalancing protons (or other cations) inside
the nanoparticle in addition to the surface.[24,21,25] Taken all
together, poly(heptazine imides) are a unique heterogeneous
platform for multisite-proton coupled electron transfer proc-
esses (MS-PCET).[26] By combining K-PHI, an electron donor and
light, it is possible to mimic natural photosynthesis and trans-
form endergonic reactions that are based on electron transfer
(ET) into spontaneous processes that proceed via proton-
coupled electron transfer (PCET, Calvin cycle).[27] In the context
of aromatic hydrocarbons C� H amination with aqueous
ammonia, MS-PCET from reductively quenched photocatalyst
state, K-PHI(e� /H+), allows employing less oxidative (those
having less positive reduction potential) electron acceptors,
such as nitrobenzene and diphenyldisulfide in addition to O2, to
complete the photocatalytic cycle.

Hereby, we demonstrate the employment of K-PHI photo-
catalyst in C� H amination of electron-rich aromatic hydro-
carbons in the synthesis of anilines, and N-arylpyrazoles (Fig-
ure 1b).

Results and Discussion

In the initial catalytic experiment design, 1,3-dimethoxybenzene
1b has been selected as the substrate and nitrobenzene as the
electron acceptor in CH3CN. The reaction was investigated
under blue light irradiation, using NH4OH, as a convenient,

cheap and more atom efficient source of ammonia compared
to reported earlier ammonium carbamate.[12d,17] Although
dichloroethane (DCE) and DMSO were reported in literature as
optimal solvents for other photocatalytic systems,[12d,17] in these
media we obtained 2b with only 2 and 9% yield respectively
(Table 1, entry 1–2). CH3CN was found to be the optimal solvent,
in which we obtained 2b with 42% yield along with the
recovery of the starting compound (entry 3).

Control experiments without K-PHI, and without electron
acceptor further confirmed that this methodology does rely on
photocatalyst and excitation with light (entry 4–5). Under
aerobic conditions we did not obtain 2b (entry 6), which is
likely due to subsequent oxidation of this compound mediated
by O2. Using dibenzyldisulfide instead of PhNO2 gave 2b with
34% yield (entry 7). 4-nitrotoluene instead of PhNO2 in CH3CN
gave 2b with comparable yield, 43% (Table S3, entry 2). mpg-
CN, a carbon nitride material that is capable to store
significantly smaller amount of charges,[28] did not give 2b
(entry 8). This fact underlines importance of long-lived reduc-
tively quenched state of the photocatalyst, such as K-PHI(e� /
H+), during the photocatalyst turn over step. Na-PHI, a carbon
nitride material structurally similar to K-PHI,[19] which is also able
to undergo photocharging,[29] gave 2b in 19% yield (entry 9)
likely due to slightly wider optical band gap of 2.78 eV.[30,31] Ru-
and Ir-polypyridyl complexes did not give 2b (entry 10, 11), and
neither Eosin Y (Entry 12). Taking into account the proposed
mechanism (see below),[12d,17] these results are explained by the
excited state of the tested organic dyes to be not sufficiently
oxidative, +0.31…+1.20 V vs. SCE,[32,33,14] to produce the radical
cation from 1,3-dimethoxybenzene (E1/2+1.50 V vs. SCE)[34]

upon 1-electron oxidation. Apparent quantum yield (AQY) of
2b mediated by K-PHI is only 0.1% (Figure S3), which under-
lines that the investigated reaction is indeed challenging.

Figure 1. Concept and reaction design. a) Potassium poly(heptazine imide)
(K-PHI) structure. b) C� H amination of aromatic hydrocarbons mediated by
K-PHI via MS-PCET proposed in this work.

Table 1. Reaction screening and optimization.

Entry Deviations from Method A[a] Yield [%]

1 DCE (instead of CH3CN) 2 (2)
2 DMSO (instead of CH3CN) 9 (9)
3 None 42 (42)
4 No photocatalyst /(/)
5 No PhNO2 2 (2)
6 O2 atmosphere (instead of PhNO2) /(/)
7 Diphenyl disulphide (instead of PhNO2) 34 (34)
8 mpg-CN (10 mgmL� 1) /(/)
9 Na-PHI (10 mgmL� 1) 19 (19)
10 [Ru(bpy)3]Cl2 (2.5%mol) /(/)
11 Ir(ppy)3 (2.5% mol) Traces (/)
12 Eosin Y (2.5% mol) /(/)

[a] Reaction conditions (Method A): CH3CN (0.5 mL), 1b (0.04 mmol),
PhNO2 (0.04 mmol), NH4OH (0.2 mL, 25% aqueous solution), blue light
(465 nm, 50 mWcm2), Ar atmosphere, 30 °C, 24 hours. Conversion is
reported in parentheses.
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Indeed, quantum efficiencies in photoredox catalysis, both
homogeneous and heterogeneous versions, are usually low.[35]

Nonetheless, this does not represent a bottleneck since low
AQY values are compensated by the synthesis of highly
valuable active pharmaceutical ingredients (APIs), which is the
scope of the developed methodologies in this work. While
using K-PHI as the optimal photocatalyst, employment of
different ammonia sources (Table S6), wavelength of light
(Table S5), solvent (Table S4) did not improve the yield.

Using the optimal conditions (Method A), 1,3,5-trimeth-
oxybenzene 1c was converted into aniline 2c with 30% yield
(Figure 2). Based on the results of other substrates screening
(Figure S10), it has emerged that only compounds bearing
highly electron donating groups and characterized by the
oxidation potential E1/2 <1.5 V vs. SCE are compatible with the
method A.

Despite being weaker nucleophile, pyrazole is coupled with
electron rich hydrocarbons 1a–c with 25, 12 and 59% yield. In
this case, however, we conducted the reaction in DCE and used
stronger electron acceptor, O2, instead of PhNO2 (Method B).

Taking into account earlier publications and our own
findings,[12d,17] the proposed mechanism is shown in Figure 3. K-
PHI is brought from the ground state to the excited state upon
blue photon absorption. Due to the potential of K-PHI valence
band, +1.88 V vs. SCE, being more positive than the oxidation
potential (E1/2 vs SCE) of hydrocarbons studied in this work, (+
1.49 V for 1,3,5-trimethoxybenzene,[36] +1.50 V for 1,3-dimeth-
oxybenzene, and +1.81 V for anisole)[34,36] the photoinduced
electron transfer (PET) is downhill, which produces the contact
radical ion pair 1–i. Nucleophilic attack of ammonia or azole at
the surface-bound radical cation gives an intermediate 1–ii. The
importance of the interaction between the radical cation and
the surface of heterogeneous photocatalyst is supported by the
fact that in case of using K-PHI and hBCN,[17] additional mediator
is not required, while amination of electron rich aromatic

hydrocarbons with azoles requires TEMPO as the additive.[12d]

The product 2 is formed upon 1–ii decomposition via PCET to
an electron acceptor. The catalytic cycle is closed. Microporous
structure of K-PHI can accommodate up to 1 mmol of electrons
and charge compensating protons per 1 gram of the
material.[22,26,37] Although photocharged state, K-PHI(e� ), is a
persistent radical under anaerobic conditions, in the studied
reaction, it is only a transient specie – O2 or PhNO2 are reduced
by K-PHI(e� ) to H2O2 or Ph-N=N� Ph (and PhNH2) respectively.

[26]

Given that the conduction band potential in K-PHI is only
� 0.82 V vs. SCE, PET to PhNO2 (E1/2= � 1.19 V vs. SCE) is uphill.[34]

However, reduction of PhNO2 to the corresponding radical
upon e� /H+ transfer is downhill (E1/2= � 0.404 V vs. SCE).[38]

More specifically, reduction of PhNO2 via MS-PCET is by
75 kJmol� 1 more favorable compared to PET (Table S11).
Although reduction of O2 to the superoxide radical via PET is
downhill, MS-PCET makes this process by 25 kJmol� 1 more
facile and according to Marcus theory faster.[39] This fact is likely
to explain that in order to employ pyrazole (weaker nucleophile
compared to NH3), stronger electron acceptor (O2) is required so
that the decomposition of the contact radical ion pair 1–ii with
the formation of the product 2 proceeds faster than the back
transfer of electron (and proton). Methyl viologen, a one-
electron oxidant, despite having reduction potential (E1/2=

� 0.69 V vs. SCE)[40] more positive than the potential of K-PHI
conduction band, does not enable hydrocarbons amination
(Table S3, entry 4,5). However, diphenyldisulfide does enable
the reaction (Table 1, entry 7) due to the fact that it serves as H-
atom acceptor – it is reduced to thiophenol. Importance of
temporary electron storage in carbon nitride photocatalyst is
once again supported by the fact that Na-PHI gives a coupling
product (Table 1, entry 9). Except PHI that is characterized by
strongly positive potential of the valence band and ionic
structure no other photocatalytic system studied in this work
enables the reaction. Combination of these properties in one

Figure 2. Reaction scope. Reaction conditions for Method A: K-PHI (5 mg),CH3CN (0.5 mL), substrate 1 (1 eq., 0.3–0.5 mmol), nitrobenzene (1 equiv.), NH4OH
(0.2 mL, 25% aqueous solution), blue light (465 nm, 50 mWcm� 2, Ar atmosphere, 30 °C, 24 hours. Reaction conditions for Method B: K-PHI (5 mg), DCE
(0.5 mL), substrate 1 (1 equiv., 0.3–0.5 mmol), pyrazole (4 equiv.), blue light (465 nm, 50 mWcm� 2), O2 atmosphere, 30 °C, 24 hours. Conversion is reported in
parentheses. Yields and conversions were determined by GC-MS. More details about experimental procedures are provided in the Supporting Information.
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nanomaterial makes it active in amination of aromatic hydro-
carbons. Thus, strongly positive potential of the valence band
facilitates formation of the radical cation upon photoinduced
electron transfer. Ionic structure stabilizes negative charge,
while the negatively charged surface of PHI serves as a counter
ion in the tentative intermediate 1–ii.

Conclusion

A methodology for C� H amination of aromatic hydrocarbon has
been developed using K-PHI as a photocatalyst. Owing to a
highly positive valence band potential (+1.88 V vs. SCE), it is
able to oxidize substituted benzenes characterized by the
oxidation potentials ranging from +1.49 to +1.81 V vs. SCE.
The generated open-shell intermediates gain increased reac-
tivity towards N-nucleophiles, namely ammonia and pyrazole.
With this strategy, 5 examples of C� N coupling products have
been prepared with 12–59% yield. Due to K-PHI property to
store multiple electrons in the microporous structure of the
material, a complementary process – reduction of electron
acceptors becomes thermodynamically more feasible. This fact
is likely to explain that the coupling of hydrocarbons with
ammonia proceeds in the presence of nitrobenzene, while less
nucleophilic pyrazoles require stronger oxidant – O2. Such
observation underlines importance of proper selection of
electron (and proton) acceptors in semiconductor photocatal-
ysis, which could lower the energy barriers and to improve the
rate and reactions efficacy. Concluding, by employing the state-
of-the-art organic semiconductor photocatalyst, K-PHI, it is

possible to avoid the use of transition metals in C� H amination.
Further reactions from our lab employing PCET from/to carbon
nitride photocatalysts will be reported.

Experimental Section
K-PHI synthesis.[21] A mixture of lithium chloride (3.71 g), potassium
chloride (4.54 g), and 5-aminotetrazole (1.65 g) was ground in ball
mill for 5 min at the shaking rate 25 s� 1. Reaction mixture was
transferred into a porcelain crucible and covered with a lid. A
crucible was placed in the oven and heated under constant
nitrogen flow (15 Lmin� 1) and atmospheric pressure at the
following temperature regime: heating from room temperature to
600 °C for 4 hours, annealing at 600 °C for 4 hours. After completion
of the heating program, the crucible was allowed to cool slowly to
room temperature under nitrogen flow. The crude product was
removed from the crucible, washed with deionized water (100 mL)
for 3 hours in order to remove salts, then filtered, extensively
washed with deionized water, and dried in a vacuum oven
(20 mbar) at 50 °C for 15 h.

Method A. K-PHI (5 mg), acetonitrile (0.5 mL), a substrate 1
(1 equiv., 0.05 mmol of 1a, 0.04 mmol of 1b or 0.03 mmol of 1c),
nitrobenzene (1 equiv.), and NH4OH (0.2 mL, 25% aqueous solution)
were mixed in a vial. The mixture was purged with Ar and closed
with a cap. The reaction mixture was stirred under blue light
irradiation (465 nm, 50 mWcm� 2), at 30 °C for 24 h. After the
irradiation, the catalyst was separated by centrifugation. CHCl3
(3.5 mL) and water (0.3 mL) were added to the reaction mixture.
The layers were separated and the organic layer was dried under
NaSO4. The clear solution was analyzed by GC-MS.

Method B. K-PHI (5 mg), DCE (0.5 mL), substrate 1 (1 equiv.,
0.05 mmol of 1a, 0.04 mmol of 1b or 0.03 mmol of 1c) and

Figure 3. Reaction mechanism.
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pyrazole (4 eq.) were mixed in a vial. The mixture was filled with O2

and closed with a cap. The reaction mixture was stirred under blue
light irradiation (465 nm, 50 mWcm� 2) at 30 °C for 24 hours. After
the irradiation, the catalyst was separated by centrifugation and the
reaction mixture was analyzed by GC-MS.
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