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and cobaloxime catalysis. The protocol makes use of aliphatic heterocycles and electron-poor alkenes,
that are efficiently converted to the final products through a functionalization/aromatization sequence.
Dedicated kinetic and deuteration studies allowed rationalization of the reaction mechanism. Overall, the
process is characterized by a high atom economy, with hydrogen gas as the only coupled product.

1. Sustainable synthesis of functionalized heteroarenes via a dual (photo)catalytic strategy based on cheap decatungstate anion and cobaloxime complex,

with 59 examples and up to 99% yield, with high atom economy and hydrogen gas as the only by-product.

2. Highly efficient and atom-economical preparation of functionalized heteroarenes from cheap and largely abundant starting materials, with hydrogen gas
as the only coupled product. The efficiency of this protocol in the synthesis of complex and synthetically useful scaffolds avoids the requirement of known

strategies relying on harsh conditions, high temperatures, purposedly designed expensive catalysts and hazardous metals.

3. Reaction scale-up is expected to improve green metrics parameters and this is further substantiated by protocol robustness, as testified by the possibility to

run the transformation in a telescoped fashion.

Introduction

Heteroaromatic rings such as furans,’ pyrroles,” thiophenes®
and indoles are substructures of molecules that find appli-
cation in medicinal chemistry. Their derivatives show various
biological effects, such as antitumoral, antipsychotic, anti-
inflammatory, antioxidant, antifungal, and antimicrobial
activities. Furthermore, they are intermediates in organic syn-
thesis with significant synthetic value.” Traditional approaches
for the preparation of pyrrole, furan and thiophene scaffolds
include the Paal-Knorr reaction, which involves an acid-
mediated dehydrative cyclization of 1,4-diketone building
blocks.” Drawbacks of this strategy relate to the difficult prepa-
ration of the required 1,4-dicarbonyl precursors and the long
reaction times under reflux conditions in acid solution to
realize the cyclization. Such severe reaction conditions are
therefore not applicable to substrates containing acid-sensitive
functional groups, thus limiting the scope of the reaction.®
Regarding the synthesis of indoles, the oldest and most widely
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used approach is the Fischer synthesis, occurring through the
acid-catalyzed or thermal sigmatropic rearrangement of N-aryl
hydrazones to generate, after elimination of ammonia, the
indole skeleton of interest.” Significant disadvantages of this
synthesis include the use of toxic hydrazines and the need for
elevated temperatures.

Synthetic chemists have long been attracted to such struc-
tural motifs and continuously seek new, straightforward
methods for their preparation, possibly using abundant feed-
stocks under mild conditions. This still remains a challenging
goal. Recently, powerful synthetic methodologies based on
transition metal catalysis to forge functionalized heteroarenes
have been investigated. Such approaches typically rely on the
metal-catalyzed reduction of pre-functionalized starting
materials® and involve harsh reaction conditions (high temp-
eratures, hazardous metals).9 In some instances, the use of
purposedly prepared ruthenium N-Heterocyclic Carbene (NHC)
complexes'® was required, while an alternative iodine-catalyzed
process led to a mixture of di- and mono-functionalized
structures.""

In parallel, photoredox catalysis has been widely applied for
the synthesis of functionalized aromatic compounds. Along
this line, most approaches decorate a pre-formed heteroaro-
matic core by C-H or C-X bond activation."> An alternative
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strategy uses partially saturated heterocycle precursors, which
are functionalized and then aromatized under dihydrogen
extrusion. Leonori’s group developed such dehydrogenative
strategies to prepare aromatic compounds (phenols, anilines,
and aromatic aldehydes) from non-aromatic and easily avail-
able starting materials employing photocatalysis combined
with cobalt as metal co-catalyst to orchestrate the dehydro-
genative steps (Scheme 1a)."* Recently, the synthesis of ani-
lines was realized with the use of a heterogeneous photo-
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Scheme 1 Reported photochemical strategies for the synthesis of aro-
matic compounds employing cobaloxime-based catalysts under: (a)
homogeneous and (b) heterogeneous conditions. (c) This work: one-pot
synthesis of functionalized aromatic molecules employing TBADT and
cobaloxime dual-catalysis.
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catalyst as well, namely mesoporous graphitic carbon nitride
(mpg-CN) in combination with cobaloxime (Scheme 1b)."* As a
matter of fact, cobaloxime catalysis has recently gained atten-
tion for its versatile application in dual photocatalytic mani-
folds to trigger photo-dehydrogenative processes.'>*®

Based on our expertise, we reasoned that the use of TBADT
(tetrabutylammonium decatungstate, (BuyN),[W;003,])"" as a
photocatalyst for the functionalization of organic substrates
via C-H functionalization processes via a HAT manifold,"® and
its coupling with cobaloxime complexes'® in a dual (photo)
catalytic fashion, could produce C(sp*)-C(sp®) bonds, in a Alk-
H to Alk-C and then Ar-C sequence (where Alk and Ar are ali-
phatic and aromatic fragments, respectively), via a consecutive
functionalization/aromatization protocol. Thus, we became
interested in the synthesis of functionalized heteroarenes start-
ing from non-aromatic, abundant, inexpensive, and readily
available aliphatic heterocycles and electron poor alkenes
(Scheme 1c).

Results

At the beginning of our investigation, we set out for the prepa-
ration of a furan scaffold starting from commercially available
tetrahydrofuran 1a (THF; 0.1 mmol) and dimethyl fumarate 2a
(0.11 mmol, 1.1 equiv.) in the presence of 7.5 pmol of TBADT
(7.5 mol%), dimethylglyoxime (dmgH,, 25 mol%) and cobalt
benzoate (2.5 pmol, 2.5 mol%), all dissolved in dry acetonitrile.
Irradiation was performed using a single high-power LED (3
W) with an emission peak centered at 365 nm for 24 hours.
Under these conditions, product 3 was obtained in 89% NMR
yield and 91% yield after purification via silica gel chromato-
graphy (entry 1, Table 1). Decreasing the quantity of TBADT
reduced the yield of 3 to 70% (entry 2), while increasing the
quantity of Co(OBz), to 5 mol% decreased product formation
in favor of the direct oxidation of THF to furan (entry 3).
Different cobalt catalysts were also screened, which consist-
ently furnished lower yields compared to Co(OBz), (entries
4-7). If the reaction was instead performed with an irradiation
wavelength centered at 395 nm, 385 nm or 405 nm, the
amount of product formed decreased in all cases (entries
8-10). Finally, switching to dry acetone, dry dimethyl sulfoxide,
or an acetonitrile/water mixture (9:1 ratio) lowered the
obtained quantity of 3 to traces (entries 11-13). Moreover,
TBADT and cobalt proved essential to observe the formation of
the desired functionalized furan 3: removing any of the two
catalysts led to no product formation (entries 14 and 15), and
the same outcome was observed in the dark (light omitted,
entry 16). Further information about the optimization process
is provided in the SI.

To have insight into the course of the present transform-
ation, we then performed kinetic experiments on the model
functionalization of 1a with 2a under standard conditions. As
shown in Scheme 2, the reaction proceeds rapidly and can be
considered completed after 4 hours of irradiation.
Interestingly, after one hour, compound 2a is almost fully con-

This journal is © The Royal Society of Chemistry 2025
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Table 1 Optimization of reaction conditions for the synthesis of func-
tionalized furan 37

‘ '- (365 nm)

CO,CH;z .-~
E)) . J|/ o T IBADT (7.5 moi%) MZCH3
H3CO,C dmgH, (25 mol%) / CO,CH;,
1a 2a Co(0Bz), (2.5 mol%)
(0.1 mmol) (0.11 mmol) 3
MeCN (2 mL), 24 h

Entry Deviation from standard conditions Yield?
1 None 9 (91%)°
2 TBADT (5.0 mol%) 70%
3 Co(OBz), (5.0 mol%) 69%"
4 CoBr;, (2.5 mol%) 37%
5 Col, (2.5 mol%) 39%
6 Co(OAc), (2.5 mol%) 40%
7 Co"(dmgh),Cl, (2.5 mol%) 30%
8 hv (395 nm) 45%
9 hv (385 nm) 66%
10 hv (405 nm) 33%
11 Dry acetone 25%
12 Dry DMSO Traces
13 MeCN:H,0 (9:1) 31%
14 No TBADT nd
15 No Co(OBz), nd
16 No hv (365 nm) nd

“Standard reaction conditions: irradiation carried out with a 365 nm
LED (3 W) of 0.1 mmol of 1a, 0.11 mmol of 2a, 7.5 mol% TBADT,
2.5 mol% Co(OBz), and 25 mol% of dmgH2 dissolved in 2 mL of dry
MeCN under nitrogen atmosphere and vigorous stirring. ? Yields calcu-

lated by "H-NMR analysis employing CH,Br, as standard. °Isolated
yield. ¢ Yield lowered by the formation of furan as side product.
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Scheme 2 Kinetic analysis of the photochemical reaction between THF
1a and dimethyl fumarate 2a.
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verted into a mixture of two different adducts. The most abun-
dant one is product 3’ resulting from the hydroalkylation of
the original double bond in 2a, which is formed in 55% yield;
at the same reaction time, the corresponding aromatized
product 3 is generated in 40% yield. Longer irradiation times
result in the gradual conversion of 3’ into 3, indicating that the
former is an intermediate compound on the route to the func-
tionalized heteroarene of interest (Scheme 2).

With the optimized conditions in hand, we moved to study
the substrate scope of the described transformation for the
synthesis of differently functionalized heteroaromatic rings.
Initially, we decided to employ symmetric electron-poor olefins
to verify the H-donor scope: dimethyl fumarate 2a was success-
fully functionalized using tetrahydrothiophene (THT) 1b, and
differently N-substituted pyrrolidines 1c-i (Table 2). The reac-
tions generally proceeded with good yield, affording various
heteroaromatic scaffolds. The preparation of product 4 took
place in a modest 43% yield. Analysis of the corresponding
crude mixture after 2 hours of irradiation revealed the competi-
tive formation of the unsubstituted heteroarene thiophene (see
SI for further details). Accordingly, the reaction was also per-
formed following a two-step telescoped approach. Such a strat-
egy relied on the use of TBADT under irradiation to initially
functionalize THT with the chosen olefin; subsequently, in the
same vial dimethylglyoxime and cobalt benzoate were added,
while irradiation of the reaction mixture was continued. This
resulted in an increased yield of 4 (73%; see SI for further
details). At the same time, the preparation of functionalized
N-substituted pyrroles was carried out with excellent yields
(ranging from 71% in the case of product 5 to 85% for molecule
10). Pyrrole 7 was produced in 81% yield; however, by perform-
ing the reaction with the above-mentioned two-step telescoped
approach, its formation increased to 95%. Molecule 11 was
obtained in a rather poor yield of isolated product (23%), prob-
ably as a result of competitive light absorption by substrate 1i,
which hindered the desired photocatalytic transformation.

Functionalized benzofuran 12 and indoles 13-14 were syn-
thesized as well in 32% (45% via the telescoped approach),
60% (89% via the telescoped approach) and 50% yield, respect-
ively. Finally, compound 15 was prepared in 91% yield. The
use of diethyl fumarate 2b (instead of 2a) did not influence the
outcome of the reactions. Thus, most of the products were syn-
thesized with comparable yields, including 18 (74%), 19 (88%),
20 (96%), 21 (87%), and 22 (99%). Finally, the functionali-
zation of fumaronitrile 2c¢ proceeded smoothly, yielding differ-
ently functionalized heteroaromatic rings (products 25-32),
with yields ranging from 59% (for 27) to 92% (for 32).

Subsequently, non-symmetrical electron-poor olefins were
reacted, such as acrylonitrile 2d, methyl vinyl ketone 2e, pent-
1-en-3-one 2f, differently substituted benzylidene malononi-
triles 2g-2k, 3-benzylidenepentane-2,4-dione 21 and acrylates
2m-2x. As shown in Table 3, these radical traps were success-
fully employed to form new C(sp*)-C(sp®) bonds. In particular,
the use of acrylonitrile 2d enabled the preparation of products
33 and 34. Molecule 33, however, is highly volatile and was not
isolated; nevertheless, its structure was confirmed by "H NMR

Green Chem.
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Table 2 Reaction scope for the preparation of functionalized heteroar-
enes using symmetric electron-poor olefins?
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Table 3 Reaction scope for the preparation of functionalized hetero-
aromatics using electron-poor olefins?

TBADT (7.5 mol%)
dmgH, (25 mol%)

; . (365 nm)

Co(OBz), (2.5 mol%) X I
1a-m 2a-c 3-32
©.1mmol) (0.1 mmoly MECN (2 ML), 4-6h
X=0,8,N-FG
Reaction scope: FG
I6) CO,CH, | N CO,CH;3
| =
K/)_ﬁ_cozms CO,CH;
3:91% 5: FG =Boc, 71%
CO,CH; 6: FG=Ac, 73%
7: FG = CgHsCO, 81%, 95%°!
CO,CH; 8: FG = 4-CHCgH,CO, 83%
4: 43%, 73%0! 9: FG=4-FCgH,CO,  82%
10: FG = {BuCO, 85%
CO,CH3 11: FG = 1-NaphtCO, 23%
CO,CH;
. 3005 4500l
12: 32%, 45% H,C0,C COLCH
COZCHs COZCH3
% 15: 91%
CO,CH;
CO,CH,CH;
13: FG=Ac, 60%, 89%1 m
14: FG =CgHsCO, 50% CO,CH,CH;
16: 71%
CO,CH,CH;
CO,CH,CH; CO2CH,CH,
17: FG = Boc, 63% CO,CH,CH;
18: FG=Ac, 74% 23:41%
19: FG = CgH5CO, 88%
20: FG =4-CHyCqH,CO, 96%  H,CO,C
21: FG=4-FCgH,CO, 87% CO2CH,CHs
. = 0,
22: FG = {BuCO, 99% COXCH,CH,
24: 80%
O CN
L~
CN FG 27: FG = Boc, 59%
25: 80% N’ CN 28: FG=Ac, 70%
| 29: FG = CgHsCO, 87%
s, CN / oy 305 FG=4-CHiCeHyCO, 90%
m 31: FG=4-FCgH,CO, 77%
CN 32: FG = BuCO, 92%
26: 83%

“Standard reaction conditions: irradiation carried out with a 365 nm
LED (3 W) of 0.1 mmol of 1a-m, 0.11 mmol of 2a-¢, 7.5 mol% TBADT,
2.5 mol% Co(OBz), and 25 mol% of ClmgH2 dissolved in 2 mL of dry
MeCN under nitrogen atmosphere and v1gorous stirring. Isolated
yields after silica gel chromatography purification. ? Yield obtained fol-
lowing the two-step telescoped approach.

analysis of the crude reaction mixture. In the case of less vola-
tile products 35-40, the obtained yields were up to 76%. The
adoption of methyl vinyl ketone 2e and pent-1-en-3-one 2f led
to the preparation of a range of functionalized ketones (41-50)

with applicability as key intermediates in organic synthesis.*®°

Green Chem.

. . (365 nm)

" TBADT (7.5 mol%)
dmgH, (25 mol%)

SN

Co(OBz), (2.5 mol%) X I
1a-h 2d-m 33-60
©Ammol) (0.1 mmoly MECN (2mb), 4-6h
X=0,8 NFG
Reaction scope
P FG 35: FG = Boc, 60%
o} N 36: FG=Ac, 68%
Eh E/)_L 37: FG = CgHsCO, 54%
CN CN 38: FG = 4-CH,CgH,CO, 74%
33: 50%[°! 39: FG=4-FCgH,CO, 70%
40: FG = BuCO, 76%
m N 41: FG = Boc, 78%
y | 4 O 42: FG=C4H5CO, 45%
34: 61%!°] 43; FG = 4-CH3C4H,CO, 31%
44: FG=4-FCGH,CO,  74%
45: FG = {BuCO, 85%
FG
N 46: FG = Boc, 51% Ph o
| O  47: FG=CgHsCO, 54%
48: FG = 4-CH;CgH,CO, 53% _ o
49: FG=4-FCgH,CO,  63% o
50: FG = {BuCO, 88% X
59: 22%
CN COPh
N
| 0
FG- N _ W
. g OCH,CH
51: FG =Boc, 23% 60: 31%" s
52: FG = CgHsCO, x H, 34% Coph
53: FG=Boc, X=0Cl, 32%
54: FG=CgHsCO,X=Cl, 41%
55: FG=Boc, X=F, 59%
56: FG=CgHsCO,X=F, 53% o1c]
57: FG=CgHsCO, X=Br, 31% 61: 34%  OPh

58: FG = CgHsCO, X = CH3, 43%

“Standard reaction conditions: irradiation carried out with a 365 nm
LED (3 W) of 0.1 mmol of 1a-h, 0.11 mmol of 2d-m, 7.5 mol% TBADT,
2.5 mol% Co(OBz), and 25 mol% of dmgH, dissolved in 2 mL of dry
MeCN under nitrogen atmosphere and Vlgorous stirring. Isolated
ylelds after silica gel chromatography purlflcatlon ?Yield calculated by

"H-NMR analysis employing CH,Br, as standard. ¢ Reaction performed
with the two-step telescoped approach. First step: irradiation centered
at 405 nm, 0 °C for 24 hours and 2 mol% of TBADT. Second step: stan-
dard conditions.

The yields of such products ranged from moderate in the case
of molecule 43 (31%) to very good, as in the case of 41, 44, 45
and 50, which were isolated in 74-88% yield in a single photo-
chemical synthetic step. In the case of benzylidene malononi-
triles, diverse functionalized heteroarenes were successfully
synthesized, although in variable yields, ranging from 23%
(product 51) to 59% (adduct 55). Malononitriles with electron-
withdrawing groups afforded the corresponding products with
slightly higher yields, as in the case of the 4-chloro (2h) and
4-fluoro (2i) substituted starting materials. Furthermore,
3-benzylidenepentane-2,4-dione 21 was successfully employed
for the synthesis of molecule 59 in a serviceable yield (22%).

This journal is © The Royal Society of Chemistry 2025
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The functionalization of acrylates required the adoption of
rather specific conditions, as they could undergo competitive
polymerization. Therefore, to avoid this problem, the two-step
telescoped approach was adopted, where some fine-tuning of
reaction conditions was implemented in the first step: a lower
amount of TBADT (2.0 mol%), a lower temperature (reaction
performed at 0 °C), and an irradiation wavelength centered at
405 nm were employed to this end. Under these conditions,
the first step enabled the complete conversion of the acrylate
within 24 hours. Next, the missing reaction components
(cobalt co-catalyst, dimethylglyoxime, and the remaining quan-
tity of TBADT) were added to the crude reaction mixture, allow-
ing for the formation of compounds 60-61 in moderate yields
(Table 3).

Next, we performed our model reaction between deuterated
tetrahydrofuran 1a-dg and dimethyl fumarate 2a following the
general procedure described. As a result, product 3-d; was iso-
lated in 88% yield, offering the proof-of-concept that our strat-
egy can be exploited for the preparation of functionalized, fully
deuterated, heteroarenes (Scheme 3a). Instead, when the same
reaction was performed by employing an equimolar mixture of
1a and 1a-dg, products 3 and 3-d; were obtained after purifi-
cation of the photolyzed reaction mixture in ¢ > 3:1 ratio,
highlighting a kinetic isotope effect (KIE) of 3.33 calculated by
means of "H-NMR analysis (Scheme 3b; see also SI for further
details). Finally, the reaction was performed in the presence of

a)

. (365 nm)

b .
0P D CO,CH;  TBADT (7.5 mol%) B p
3>ZIID N J/ dmgH, @5mol%) /]
o) DD H3CO,C Co(OBz), (2.5 mol%) o CO,CH;

1a-dg 2a CO,CHj
(0.1 mmol) (0.11 mol)

MeCN (2 mL), 4h 3-d;: 88%

D

D

b, . .

) - . A 3-d3: 20%
(oj - (365 nm) o] CO,CH;

o cocy.  TBAOT (75 mot%) . CO.CH,
(0.05 mmol) 2-18  dmgH, (25 mol%)
+ J/ Co(0Bz), @5 moty ¢ | 3: 86%
5D p HaCO,C CO,CH;
Dﬁo 2a MeCN (2 mL), 4h CO,CH,
D™ %o-\-D (011 mol) KIE = 3.33
ta-dy
(0.05 mmol)
o) B (365 nm)
oP b CO,CH; ~ TBADT (7.5 mol%) B o
Dﬁ[’ + JI/ dmgH, (25 mol%) A
"o DD H3CO,C Co(OBz), (2.5 mol%) o CO,CH3
(0.1am71:ol) ©11moy  MecN (2 mL), 020 (200 ) s 31% OO
. (365 nm)
9 CO,CH; ~ TBADT (7.5 mol%)
(j . J/ dmgH, (25 mol%) /T °
o H3COC Co(OBz), (2.5 mol%) (o} CO,CH;
1a CO,CH,

2a . 569
(0.11 mol) 3-d: 56%

(0.1 mmol) MeCN (2 mL), D0 (100 pL)
4h
Scheme 3 a) Reaction performed with 1la-dg for the synthesis of func-
tionalized deuterated heteroarenes. (b) Kinetic Isotopic Effect (KIE)
experiment carried out employing 1a-dg and 1a. (c and d) Reactions per-

formed in deuterated medium.
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o '- (365 nm) C02CH, , il
0 " IBADT (7.5 mol%) CO2CH, | s
.9 Mol p ‘
Q * MCOL- o, cH, - N :
o

dmgH, (25 mol%)
Co(OBz), (2.5 mol%)
MeCN (5 mL), 16 h

1a

(1 mmol) 3:180.1mg,

2a
(1.1 mmol) 4
85% yield *

Scheme 4 Reaction scheme for the preparation of 3 on one-mmol
scale, along with a picture of the obtained product. Two vials were
employed to study the reproducibility of the method.

a partially deuterated reaction medium (up to 200 pL of D,O
were added). As a result, when the reaction was performed
with 1a-dg, product 3-d, was isolated in 31% yield. On the
other hand, when the reaction was performed with 1a, product
3-d was obtained in 56% yield. Both compounds were fully
characterized by GC-MS and "H-NMR analysis, confirming the
successful deuterium labelling (Scheme 3c and d). Finally, we
also confirmed that hydrogen gas is formed as the only
coupled product of the reaction via headspace GC analysis (see
SI for further details). In this regard, it is important to stress
that the liberated hydrogen gas could be conveniently
employed in subsequent transformations, provided that the
present protocol is carried out under proper conditions.*’

The scalability of the process has been also investigated,
starting from 1 mmol of 1a, consistently employed in the reac-
tion with dimethyl fumarate 2a. To lower the amount of
solvent, the reaction was performed with 5 mL of dry aceto-
nitrile only. As depicted in Scheme 4, the reaction was com-
pleted after 16 hours of irradiation, delivering 180 mg of
product 3 after purification (85% yield, average of two repli-
cates). Green metric parameters were calculated to evaluate the
sustainability character of our proposed method (see SI for
further details). Thus, atom economy is almost quantitative
(>98%): the starting materials are essentially converted into
the targeted molecule with minimal loss of atoms, since the
only coupled product is hydrogen gas. The calculated E-factor
value is 83.2 kg kg ™" for the model reaction delivering 3 under
standard conditions. Such value, however, can be significantly
improved if the large scale (1 mmol) reaction is considered
(E-factor drops to 23.7 kg kg™'), showcasing the potential of
the proposed process toward the design of environmentally
friendly and efficient transformations.

Conclusions

In conclusion, saturated heterocycles, such as THF, THT,
various pyrrolidines, protected indolines and dihydrobenzo-
furan, smoothly underwent photocatalytic C-H cleavage and
the corresponding C-centered radicals were trapped in Giese-
type reactions with electron-poor alkenes as reaction partners.
Thanks to the presence of a cobaloxime co-catalyst, the result-
ing intermediate adducts were directly aromatized to the
corresponding heteroarene derivatives by elimination of hydro-
gen gas, either in a single-step fashion or through two sub-
sequent telescoped steps (see Fig. S1 in the SI for the proposed
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mechanistic scenario). The reported synthetic protocol offers
an atom-economical approach for the preparation of functio-
nalized heteroarenes in a robust and efficient fashion, which
can also be easily scaled, while improving its green character
(E-factor significantly decreases upon scale-up). Overall, this
methodology allows for the synthesis of complex scaffolds
useful in organic synthesis as key intermediates®'>* in a versa-
tile, straightforward and functional-group tolerant strategy,
starting from abundant and cheap substrates.
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