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ABSTRACT: We report herein a photoelectrocatalytic strategy for the smooth preparation of 2-alkylbenzothiazoles via the 
cross-dehydrogenative coupling of unactivated aliphatic hydrogen donors (e.g. alkanes) with benzothiazoles. We used tet-
rabutylammonium decatungstate (TBADT) as the photocatalyst to cleave the strong C(sp3)―H bonds embedded in the cho-
sen substrates via Hydrogen Atom Transfer (HAT), while electrochemistry ensured the success of this net-oxidative trans-
formation by scavenging the extra electrons. The reaction progress was monitored through kinetic analysis, highlighting the 
transient formation of the redox-neutral adduct 2-alkylbenzothiazoline. Further cyclic voltammetry and laser flash photoly-
sis experiments unveiled the chameleonic behavior of TBADT that features a three-fold role: HAT photocatalyst to activate 
alkanes, photoredox catalyst to activate the 2-alkylbenzothiazoline and electrocatalyst to promote the oxidation of short-
lived radical intermediates. The adopted potentiostatic mode allowed to tame the multi-faceted reactivity of TBADT and to 
ensure its recovery after each catalytic cycle with a very high faradaic efficiency. We proved the versatility of the proposed 
approach by replacing the potentiostat with a couple of cheap batteries in the preparation of the desired products. 

Introduction 

Recently, the successful combination of photocatalysis1 
and electrochemistry2,3 has opened new avenues in syn-
thesis,4-6 offering unparalleled mild operative conditions 
and contributing to address the urgent need of developing 
sustainable synthetic protocols.7 Contrary to the tradition-
al “photoelectrochemical” approach based on an electro-
chemical cell equipped with a photoactive electrode,5,8 the 
newborn “photoelectrocatalysis” (PEC) features the pro-
ductive interplay between a homogeneous photocatalytic 
system and the electrodes of a cell, exchanged elec-
trons/holes being the only point of contact between them 
(Scheme 1a).4a Typically, the employed photocatalyst (PC) 
absorbs light and, once in the excited state (PC*), smoothly 
activates the chosen substrate delivering a high-energy in-
termediate (an open-shell species) to be exploited for the 
desired chemistry. On the other hand, electrochemistry 
takes care of photocatalyst recovery9 and of adjusting the 
redox state of the involved intermediates, which enables 
non-redox neutral transformations in the absence of any 
chemical redox agent. 

A seminal example of this chemistry was reported by the 
Xu group last year and dealt with the alkylation of (het-
ero)arenes by a variety of alkyltrifluoroborates (Scheme 
1b).10 In the process, a C-centered radical (R•) was formed 
upon mono-electronic oxidation of the substates R–BF3– 
(potassium salts) by the excited mesitylacridinium (Mes-
Acr+) photocatalyst and ensuing loss of BF3. Then, R• added 
onto the chosen aromatic nucleus Ar–H, ultimately leading 
to the formation of a new C(sp3)–Ar bond via a further oxi-
dation/deprotonation sequence. 

Scheme 1. Photoelectrocatalysis Concept (a), Photoe-
lectrocatalysis via Single-Electron Transfer (SET; b, 
Ref. 10) and via Hydrogen-Atom Transfer (HAT; c, this 
work). 

 

More recently, the carbamoylation (from oxamate 
salts)11 and trifluoromethylation (from Langlois’ reagent, 
CF3SO2–Na+)12 of (hetero)arenes by means of PEC have 
been likewise reported. Notably, all these strategies rely on 
the use of easily oxidizable anionic substrates (R–X–), 
prone to undergo a facile single-electron transfer (SET) 



 

with the excited photocatalyst (PC*SET). This is made possi-
ble by the presence of a suitable redox-auxiliary13 func-
tional group (X) embedded in the substrate that facilitates 
and drives the initial electron transfer step, ultimately be-
ing lost in the form of a stable molecule (X = BF3, CO2, SO2) 
during the process. 

A much more convenient and straightforward strategy 
would require starting from substrates containing an unac-
tivated C(sp3)―H bond, in an overall cross-
dehydrogenative coupling (CDC) process.6c,14 In such case, 
the formation of the desired radical is entrusted to a pho-
tocatalyst (PCHAT) able, when in the excited state, to cleave 
homolytically the targeted C–H bond via a direct hydrogen-
atom transfer (d-HAT) step.15 To the best of our 
knowledge, a photoelectrocatalytic strategy based on the 
merging between a PCHAT and electrochemistry has never 
been reported (Scheme 1c), even though a HAT step has 
been invoked in a few instances within synthetic strategies 
encompassing the combination of photochemistry and 
electrochemistry (see Scheme S1 in the Supporting Infor-
mation). These include: i) the dual-catalytic oxidation of 
alcohols promoted by a flavin photocatalyst combined with 
a thiourea co-catalyst16 and ii) the electrophotocatalytic 
arylation of ethers catalyzed by a trisaminocyclopropeni-
um (TAC+) derivative.17 Thus, these strategies can be ap-
plied only to compounds featuring rather labile -to-O C–H 
bonds. A HAT step has been likewise described in a couple 
of reports wherein photochemistry and electrochemistry 
share distinct and independent roles in the overall synthet-
ic sequence. A recent example involves the CDC between 
aliphatic C–H bonds and heteroarenes by in-situ electro-
generated Cl2,18 while another instance is related to the 
dehydrogenative coupling between C(sp3)–H and N–H 
bonds in the presence of iodide, which functioned as elec-
trochemical mediator.19 

Following our interest in the discovery of synthetic 
strategies and relying on our expertise in the development 
of photocatalytic methodologies based on d-HAT, we here-
by report our results on the development of a PEC strategy 
enabling the CDC of benzothiazoles and strong (unactivat-
ed) aliphatic C–H bonds. Beside the preparative aspect, 
particular attention has been devoted to mechanistic stud-
ies, intended to unveil the exact role of each component of 
the reaction and to maximize the efficiency of the proposed 
steps. 

Results and Discussion 

We chose to adopt tetrabutylammonium decatungstate 
(TBADT, (nBu4N)4[W10O32]) as PCHAT, due to its robustness 
and the noteworthy properties in catalyzing the C–H func-
tionalization of a variety of aliphatic derivatives under ir-
radiation.20,21 We built upon our previous work on the 
TBADT-photocatalyzed Minisci-type CDC of H-donors with 
heteroarenes, which took place in the presence of potassi-
um persulfate (K2S2O8, 2 equiv.) as the terminal oxidant.22 
We started off by investigating the oxidative coupling of 
cyclohexane (1a) and benzothiazole (2a) to give 2-
cyclohexylbenzothiazole (3) to test the behavior of TBADT 
under PEC, chemical oxidant-free, conditions. 

We adopted a conventional H-type electrochemical cell 
as the reaction vessel, with the two compartments sepa-

rated by a polymeric membrane (Nafion® N-117). A three-
electrodes system was implemented, where the working 
electrode (WE, anode) and the reference electrode (RE, 
Ag/AgCl, sat.d NaCl) were placed in the anodic compart-
ment, while the counter electrode (CE, cathode) was 
placed in the cathodic one. An LED lamp (em = 390 nm; 40 
W) was used to irradiate the anodic compartment contain-
ing the reaction mixture, while temperature was kept be-
low 30 °C by fan cooling. All reactions were conducted un-
der rigorous oxygen-free conditions, by using freeze-
pump-thawed solutions and operating under a positive 
pressure of Argon. 

Thus, a solution of cyclohexane (1a, 0.25 M; 5 equiv), 
benzothiazole (2a, 0.05 M), TBADT (4 mol%) and lithium 
bis(trifluoromethanesulfonyl)imide (LiNTf2; 0.05 M) as the 
electrolyte in MeCN/H2O 10:1 was placed in the anodic 
compartment and irradiated for 20 hours in the presence 
of a glassy carbon electrode (GC, 3 rods, ø: 3 mm; total ex-
posed surface: ca. 20 cm2). As for the cathodic compart-
ment, a 0.05 M LiNTf2 solution in water was used in the 
presence of a Pt-gauze electrode (dimensions: 4×4 cm; ø 
wire: 0.25 mm; 25 mesh). Gratifyingly, when the cell was 
operated in a potentiostatic mode (EWE‒RE = + 150 mV), 
we found that product 3 was formed in 80% NMR yield (at 
> 90% starting materials conversion; total charge: 1.9 
F·mol–1; see Table 1, entry 1). 

Table 1. Survey of reaction conditions.a 

 

a Reactions performed on a 0.75 mmol scale in a standard 
H-type electrochemical cell, Nafion® N-117 membrane as the 
separator. Anolyte: 1a (0.25 M, 5 equiv), 2a (0.05 M), TBADT 
(4 mol%), LiNTf2 (0.05 M) in MeCN/H2O 10:1 (15 mL). Catho-
lyte: LiNTf2 (0.05 M) in H2O (15 mL). b NMR yield, CH2Br2 as 
external standard. c TBAClO4 was poorly soluble. d Dirty reac-
tion. e 2 mA was adopted to transfer 2 F·mol–1 within 20 h. The 
formation of a thick deposit on the electrode surface was ob-
served. f The experiment was stopped after 30 min since a 
very low current was observed (<1 mA). GC: glassy carbon; Pt: 
Pt gauze electrode, BDD: boron-doped diamond (see SI for fur-
ther information). g The redox-neutral adduct 2-
cyclohexylbenzothiazoline (3') was also formed in 9% yield. 



 

The reaction was rather sensitive to the nature of elec-
trolyte used, with yields failing to reach 55% when using 
tetrabutylammonium perchlorate or different Li-based 
salts (entries 2-4). Similarly, we found that 4 mol% was the 
optimal catalyst loading. Only a limited conversion of 2a 
(44%) was achieved in the presence of 1 mol% TBADT 
(entry 5), while a poor mass balance associated with the 
formation of unidentified byproducts was observed when 
using 8 mol% TBADT (entry 6). 

Next, we considered the influence of the electrochemical 
parameters on the reaction outcome and modified the ap-
plied potential between WE and RE (EWE‒RE), accordingly. 
However, albeit good conversion degrees were consistent-
ly obtained, the yield of 3 did not exceed 62% (entries 7, 
8). Similarly, switching from a potentiostatic (constant po-
tential applied) to an amperostatic (constant electric cur-
rent applied, 2 mA for 20 h) operation mode did not lead to 
any improvement, with formation of 3 in 66% yield and 
conversion of 2a stopping at 80%. Notably, the formation 
of a thick deposit on the surface of the anode was observed 
in the latter case, which caused the deterioration of elec-
trode surface in the long term (entry 9). Hence, we 
screened alternative materials for the WE, including car-
bon cloth, boron-doped diamond (BDD) and Pt-gauze elec-
trodes (entries 10-12). While carbon cloth and BDD al-
lowed to obtain the expected product in modest to decent 
yields, product 3 was formed in 80% yield when using the 
noble metal electrode, indicating that Pt can be conven-
iently used as anodic material (entry 12). We also attempt-
ed to run the model reaction in a round bottom flask (un-
divided cell conditions), however a very poor performance 
was obtained (entry 13). Finally, control experiments indi-
cated the essential role of light, photocatalyst and electrici-
ty (entries 14-16). Notably, under purely photocatalytic 
conditions, a small amount (9% yield) of the redox-neutral 
adduct 2-cyclohexylbenzothiazoline (3') was observed be-
sides traces of product 3 (entry 16). 

With the optimized conditions in hand (Table 1, entries 
1 and 12), we next evaluated the scope of the reaction by 
investigating the reactivity of different H-donors with par-
ent benzothiazole 2a, as shown in Table 2. In doing so, we 
consistently adopted Pt gauze as the anode for its robust-
ness and ease of cleaning, while selected entries were per-
formed also with a GC electrode (see Table S1 in the SI). 
The model reaction allowed to isolate product 3 in 78% 
yield when 2a was reacted with 5 equiv of cyclohexane 
(1a); no improvement was observed if the excess of 1a 
was increased to 10 equiv (75% isolated yield). On the 
other hand, in the case of cyclopentane (1b) a higher ex-
cess of H-donor was required to push the reaction to full 
conversion. Thus, the adoption of 20 equiv of 1b led to the 
isolation of adduct 4 in 73% yield, albeit the process main-
tained a very good mass balance in the presence of a lower 
1b excess, as testified by the yields based on recovered 
starting material (brsm values). Norbornane (1c; 5 equiv. 
used) was smoothly functionalized to give the expected 
product 5 in 61% isolated yield (77% brsm) as an 
exo/endo 8:1 mixture, along with a minor amount of 2-
(cyclopentylmethyl)benzothiazole (5A; < 10% yield).23 
Due to solubility issues, we were not able to use higher 
concentrations of 1c to improve the yield. Similarly, cyclo-
heptane (1d; 5 equiv. used) was scarcely soluble under our 
conditions, however the expected arylated adduct 6 and 
the dimerization product 6A were formed in 42 and 21% 
isolated yield, respectively. Finally, the selective function-
alization20a of isocapronitrile (1e; at the methine position) 
and cyclopentanone (1f; at the -position with respect to 
the carbonyl) occurred in high isolated yields (> 80%) to 
give products 7 and 8 when using 10 equiv of the H-
donors. Consistently to what observed in the case of 1b, a 
lower concentration of the H-donor led to a partial conver-
sion of starting materials, while maintaining an excellent 
mass balance. 

Table 2. Scope of the reaction. 

 
a A minor amount (ca. 8% yield) of 2-(cyclopentylmethyl)benzothiazole (5A) was formed as well. 



 

Next, we turned our attention to the scope of the process 
in terms of benzothiazoles and selected 1a as the model H-
donor (10 equiv). Halogenated derivatives in the 6-
position were first tested and offered different reactivity 
profiles depending on the halogen nature. Indeed, fluori-
nated product 9 was isolated in an excellent 80% yield, 
while chlorinated product 10 was obtained in 61% isolat-
ed yield, albeit with a very good mass balance (90% brsm). 
On the other hand, brominated product 11 was formed in a 
low yield (26%). Strong electron-withdrawing or electron-
donating substituents offered similar results, as testified 
by the cases of 6-CF3 and 6-OMe adducts 12 and 13, that 
were both isolated in 50% yield (the former with a better 
mass balance). The biologically-relevant trifluoromethoxy 
group24 was tolerated as well, product 14 being obtained 
in 75% yield. Finally, we varied the number and position of 
the substituents on the starting benzothiazole. 4-
Chlorobenzothiazole afforded 15 in 67% yield (87% 
brsm), while 5,6-dimethylbenzothiazole led to the for-
mation of 16 in a modest yield (47%). 

At this stage, we turned to the study of the reaction 
mechanism and started off by monitoring the progress of 
the reaction between 1a and 2a over time (Figure 1a). In 
particular, we subjected aliquots of the reaction mixture to 
1H-NMR analysis at regular time intervals and found that 
the redox-neutral adduct 2-cyclohexylbenzothiazoline (3') 
was formed at short reaction times, along with the desired 
product 3. However, while the latter kept accumulating in 
solution, the concentration of 3' reached a maximum (at 
ca. 1 h) and then started to decrease, being completely 
consumed at the end of the reaction (20 h). By contrast, the 
current flowing through the cell peaked at ca. 5.5 mA with-
in the first ten minutes from the beginning of the reaction, 
then settled to a 3 mA plateau from 1 to 7 h (see gray line 
shown in the background). 

We also assessed the faradaic efficiency (FE) throughout 
the reaction course (see Figure 1b) by comparing the 
chemical yield of 3 (the only net-oxidation product formed, 
blue line referred to left axis) with the amount of charge 
flowing through the cell (red line referred to right axis). 
Upon adjusting the scale of the two axes by considering 
that two moles of electrons are required in an ideal scenar-
io per mole of 3 formed, it is noteworthy that the two trac-
es are almost superimposable (FE ≈ 100%) until ca. 10 h. 
After this time, the blue line flattens out while the red one 
keeps increasing, with FE decreasing to a ca. 80% final val-
ue. Furthermore, we demonstrated the direct connection 
between the photocatalytic system and the current flowing 
through the cell by switching the light on and off at regular 
time intervals (5 min., Figure 1c). We found that the cur-
rent intensity increases steadily during the irradiation pe-
riods, while starts decreasing immediately after turning 
the light off. Notably, this behavior is replicable for multi-
ple cycles with minimal changes. 

In the second part of our mechanistic investigation, we 
addressed in more detail the reactivity of the redox-
neutral adduct 3' (Scheme 2). Thus, when subjected to op-
timized PEC conditions, 3' was readily converted to the fi-
nal product 3 in 60% NMR yield (Scheme 2a). On the con-
trary, when the process was performed in the dark, no 

traces of 3 were observed, with 3' being recovered unre-
acted (Scheme 2b, see SI for further information). 

 

 

 

 

Figure 1. a) Kinetic study of the model reaction between cy-
clohexane 1a and benzothiazole 2a. b) Comparison of the 
chemical yield of 3 and the amount of charge passed through 
the cell. c) Light ON-OFF experiment. 

 

 



 

Scheme 2. Control Experiments. 

 

Reactivity studies on adduct 2-cyclohexylbenzothiazoline 
(3') under optimized photoelectrocatalytic (a) and purely 
electrochemical (b) conditions. 

We also performed laser flash photolysis (LFP) experi-
ments to study the decay of the reactive excited state of 
decatungstate (tagged wO), which can be monitored at 780 
nm (see SI for additional details).20d,25 Thus, after verifying 
that LiNTf2 does not act as a quencher of wO, we measured 
the quenching constants for 1a and 3' under the present 
reaction conditions. As for the former, a bimolecular rate 
constant kQ(1a) = 3.3×108 M−1·s−1 was determined,26 while 
3' quenched wO with a nearly diffusion-controlled bimo-
lecular rate constant, kQ(3') > 109 M−1·s−1. Furthermore, 
upon careful inspection of the shape of the recorded spec-
tral traces, we ascertained that the activation of 1a and 3' 
occurs via HAT and SET, respectively (for additional de-
tails, see SI).25 

Taken together, the data report above depict the mecha-
nistic scenario proposed in Scheme 3a. Thus, light excita-
tion of the dectungstate anion triggers the typical HAT re-
activity of wO towards unactivated aliphatic substrates 
(e.g. 1a). This step delivers a nucleophilic C-centered radi-

cal (I•), which adds onto the 2-position of benzothiazole 
(e.g. 2a) to afford radical adduct II•. At this stage, II• may 
follow two different pathways to be ultimately converted 
to product 3. 

One possibility is that II• undergoes a back-HAT (b-HAT) 
from the reduced form of decatungstate H+[W10O32]5− (Wred 
(H+)) to give the redox-neutral benzothiazoline derivative 
3', also restoring the original form of the photocatalyst 
(path a). At this stage, 3' is oxidized to 3 via a photoelec-
trocatalytic sequence, wherein wO triggers an oxidative 
SET event to deliver intermediate III• upon deprotonation. 

Alternatively, the formation of the final product 3 from 
II• can occur via path b: we suggest that II• undergoes a 
spin-center shift (SCS),27,28 possibly mediated by the protic 
medium,29 to give III•. Notably, the intermediacy of this 
species is corroborated by the outcome of the reaction be-
tween cycloheptane 1d and benzothiazole 2a, wherein the 
formation of 6A can be explained via the dimerization of 
the corresponding III• species, accumulating in solution 
due to an inefficient conversion to 6. 

As for the fate of III•, following a previously reported ap-
proach,10 we estimated its oxidation potential by measur-
ing the reduction potential of the protonated product 3-H+ 
and a redox potential Ep/2red(3-H+/III•) = –0.68 V vs SCE 
has been found (see Scheme 3b and SI for additional de-
tails). However, due to the transient nature of III•, we con-
sider its direct oxidation by the anode unlikely and postu-
late that the decatungstate anion might serve as an elec-
trocatalyst to promote this step. The analysis of the redox 
behavior of TBADT through cyclic voltammetry has been 
previously reported, indicating a reduction event at –0.97 
V vs SCE in MeCN.30 However, in our conditions the above-
mentioned reduction event shifts to a less negative poten-
tial, viz. Ep/2red(W/Wred) = ‒0.52 V vs SCE (Scheme 3c and 
SI), fully supporting the proposed role of decatungstate as 
electrocatalyst. 

 

Scheme 3. Mechanistic Proposal. 

    

Proposed reaction mechanism (a) and cyclic voltammetry analysis of relevant species (b and c). 



 

Turning to the cathodic events, the reaction of 1a and 2a 
to give 3 leads to the overall generation of 2 electrons and 
2 protons, which are then recombined to produce hydro-
gen gas. 

It is worth noting that different mechanistic interpreta-
tions can be discarded based on the results obtained from 
control experiments. First of all, the very low applied po-
tential (EWE‒RE = +150 mV) is not sufficient to oxidize any 
of the employed aromatic substrates (see Electrochemical 
study in the SI). Likewise, we can exclude that the for-
mation of 3 occurs through a distinct sequence involving 
the initial photocatalytic formation of 3' (see Table 1, entry 
16) and the ensuing electrochemical oxidation of 3' to 3 
(see Scheme 2b and cyclic voltammetry analysis in the SI). 
On the other hand, we may speculate about the relative 
importance of paths a vs b (Scheme 3a), in other words: is 
the formation of 3' a prerequisite on the route to 3? To this 
end, we compared the data gathered in Figure 1a with an 
ideal kinetic model for two consecutive reactions (Figure 
S8). While an overall good agreement among experimental 
and simulated data was found, the consecutive reactions 
model implies a certain induction period for the formation 
of product 3, which is not observed in the experiment. Ac-
cordingly, we can confirm that the direct formation of 3 
from 1a + 2a occurs, especially in the initial period of the 
process, when most of the employed catalyst is present in 
solution in its oxidized form (W), thus behaving as electro-
catalyst and favoring path b over path a. 

Finally, to assess the robustness of the reaction and its 
operational simplicity, we replaced the expensive and 
cumbersome potentiostat with tiny, cheap batteries. To 
this end, we operated our PEC system in a 2-electrodes 
setup by using two 1.5 V batteries (AAA-type) connected in 
series to apply a ~ 3 V voltage in place of the potentiostat. 
Gratifyingly, product 3 was formed in 65% yield (by NMR; 
73% brsm) upon irradiation for 20 h. We also monitored 
(every hour) the current flow within the cell under these 
conditions, observing a constant 3 mA current for the first 
5 h from the beginning of the reaction, while the value 
dropped to ca. 1 mA towards the end, reminiscent of the 
trend observed when using the potentiostat (see Figure 
1a). 

Conclusions 

The obtained products contain the benzothiazole ring, 
an important structural motif in several bioactive com-
pounds.31 In particular, 2-alkyl substituted benzothiazoles, 
among the other applications, have been adopted as anti-
cancer, antimicrobial, antitubercular, antidiabetic and an-
tidepressant agents.31a The hereby reported approach of-
fers a complementary strategy to alternative radical-
mediated Minisci-type protocols, which are often biased 
towards the functionalization of 6-membered het-
eroarenes.14,32 Furthermore, this PEC protocol, wherein 
electricity functions as the terminal oxidant, compares fa-
vorably with our previous work based on the use of a 
chemical oxidant (excess K2S2O8).22 In particular, com-
pound 3 was prepared in 60% isolated yield adopting the 
latter method, while photoelectrocatalysis allowed to im-
prove this value (up to 78%) with the adoption of a lower 
H-donor excess (5 equiv vs 20 equiv). 

Overall, the present work unlocks the use of aliphatic 
substrates featuring strong C(sp3)–H bonds in photoelec-
trocatalytic manifolds and enables their arylation with 
benzothiazoles in a cross-dehydrogenative coupling proto-
col. The success of this protocol is based on the productive 
merger between decatungstate photocatalysis and the 
electrochemical cell, responsible for activating the in-
volved organic derivatives upon irradiation and adjusting 
the redox balance of the formed intermediates, respective-
ly. Mechanistic investigations allowed to ascertain the 
temporary formation of a 2-alkylbenzothiazoline adduct, 
which was then converted to the final product. Notably, the 
decatungstate anion shows a chameleonic attitude in ena-
bling the reported transformation and plays a three-fold 
role, as HAT photocatalyst, photoredox catalyst and elec-
trocatalyst. The process occurs under extremely mild con-
ditions and with a very low applied potential, resulting in a 
perfect matching with the reactivity profile offered by 
TBADT, that is turned over after each catalytic cycle with 
an excellent faradaic efficiency. Further studies related to 
the use of the decatungstate anion in photoelectrocatalytic 
protocols are currently ongoing in our laboratory. 
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