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The Pd-catalysed direct C—H arylation of thiophene derivatives,
appealing for technological application, is performed under green
conditions using water as the sole reaction medium. The reaction
is independent of the grade of the water, thus enabling the virtu-
ous repurposing of low-purity grade industrial wastewater, allow-
ing one to bring the process to the gram scale and improve its
green metrics.

The formation of a new C-C bond between two (hetero)aro-
matic rings often represents a crucial synthetic step in the
assembly of a wide variety of molecular architectures, ranging
from active pharmaceutical ingredients (APIs) to technologi-
cally relevant compounds. The latter family includes func-
tional molecules and polymers, with applications in the field
of materials for advanced applications, such as organic elec-
tronics and photovoltaics.'™ The vast majority of these poly-
aromatic structures rely on the use of heteroaromatics as
building blocks, since they enable a broad modulation of the
electronic and optical properties, attaining high-performing
materials for the pursued application. In particular, the thio-
phene ring represents a versatile and largely exploited donor
moiety.®® Among the synthetic methodologies that enable the
construction of extensively conjugated molecular and poly-
meric scaffolds, a predominant role has historically been
covered by “classical” cross-coupling reactions, generally invol-
ving an organometallic partner and a halide coupling partner.’
More recently, the catalytic direct C-H arylation strategy has
emerged as an attractive alternative, thanks to its intrinsic
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step- (and atom-) economy:'® in fact, since it does not require
the pre-functionalisation of one of the aromatic reagents as
organometallic species, it appears to have all the credentials to
make synthesis simpler, more straightforward and more
sustainable.”'* However, the claimed advantage in terms of
sustainability needs to be assessed from a quantitative point
of view before being taken for granted. This point has been
brought to attention by Vaccaro et al. in a very recent critical
review, in which a green metrics-based approach was applied
to compare cross coupling vs. direct C-H arylation strategies in
the synthesis of some APIs."” Interestingly, the results high-
lighted that C-H arylations are generally superior in terms of
environmental and safety profile but suffer from higher
E-factor values, i.e. the mass of waste generated per gram of
product.’®™® According to the analysed data, this is mainly
related to the larger amount of solvents employed both as the
reaction medium and throughout the post-reaction treatment.
The solvent hence represents a central issue in improving the
sustainability of direct C-H coupling synthetic methodologies,
not only in terms of the quantity employed, but also for what
concerns its chemical nature. Indeed, it is desirable to over-
come the use of those solvents which are considered hazar-
dous, both for human health and the environment, according
to the rankings and classifications drawn up by several
pharmaceutical companies and by the US Food & Drug
Administration.>*** While water and alcohols are considered
as recommended solvents, those generally employed for cata-
Iytic direct C-H arylation reactions, ie N,N-dimethyl-
formamide, N,N-dimethylacetamide, and 1,4-dioxane, fall into
the “hazardous” or “problematic” categories. In the search for
alternative reaction media for such transformations, some
research groups have turned their attention to deep eutectic
solvents (DESs), reporting the effective direct arylation of thio-
phene derivatives for the synthesis of functional compounds
to be applied as non-fullerene acceptors in organic solar
cells® or as fluorescent dyes in luminescent solar concentra-
tors.”® In particular, the synthesis of symmetrical aryl-substi-
tuted 3,4-ethylenedioxythiophene (EDOT) or thieno[3,4-b]pyra-
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zine (TP) derivatives has been accomplished in the DES com-
posed of choline chloride (ChCl) and glycerol (Gly) in a 1/
2 molar ratio (Scheme 1).>*> This showcased the potential of
combining the step-economy of direct C-H arylation with the
sustainability of unconventional solvents such as DESs, attain-
ing remarkable results in terms of green chemistry metrics.
DESs are generally regarded as a greener choice because of
their presumed low toxicity, good biodegradability, and pro-
duction from potentially renewable sources.’*° On this
matter, some of us recently reviewed such features for a selec-
tion of representative DESs to provide a critical insight into the
actual reliability of these eutectic mixtures as “sustainable sol-
vents”.?® There, it was highlighted that the assumption should
not be taken lightly, especially from the point of view of the
supposed renewability of DES components: indeed, while for
some of them (such as Gly), industrial production is currently
based on biorenewable sources, for others, such as ChCl, the
implementation of fossil-free processes is definitely far from
being available.

On this ground, with the aim of simplifying and improving
the sustainability of the direct C-H arylation of thiophene
derivatives, we first tested the Pd-catalysed arylation of EDOT 1
with bromobenzene 2 to afford the mono-arylated product 3
and the di-arylated product 4 in pure Gly instead of the ChCl/
Gly eutectic mixture (Table 1). We applied the previously
reported catalytic system, consisting of palladium(u) chloride
and tris(o-methoxyphenyl)phosphine, in the presence of
pivalic acid as an additive and potassium carbonate as a base
at 110 °C for 20 hours (Table 1, entry 2).>> Under these con-
ditions, we observed a significant decrease in the conversion
of 1, compared to the reported results obtained with ChCl/Gly
1/2, which we were able to successfully reproduce (entry 1).
This could be attributed to a specific effect of the presence of
ChCl or to the different physicochemical properties of the
eutectic mixture, compared to Gly alone: for example, it is
known that the formation of the DES reduces the viscosity by
altering the H-bond network of glycerol.*® With the aim of
reproducing the lower viscosity while at the same time ruling
out a specific role of ChCl, we performed the C-H arylation in
Gly/H,O mixtures of varying molar ratios (entries 3-6).
Remarkably, the conversion into the desired di-arylated
product 4 increased with the increasing percentage of water,

Zani et al., 2022
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X’ ' Pd cat. X' ‘X
/ \ Ar—B additives / \
+ r—Br —m78
ChCl/Gly 1/2 Ar Ar
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110°C, 24 h
E-factor
down to 41

Scheme 1 Previous report on the direct C—H arylation of EDOT (X = O,
R = H, single bonds) or TP (X = N, R # H, double bonds) with aryl bro-
mides in the ChCl/Gly DES.>®
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Table 1 Study of Pd-catalysed C—H arylation in sustainable reaction
media

PdCl, (5 mol%)

o/_\o (0-MeOPh),P (10 mol%) 0/_\0 omo
{ Br x PivOH (30 mol%) { —
Z/:»/ ’ O K,CO, (2.5 equiv) Z’:(/‘\\/ = ! //,/\‘/Z? =
olvent R L7
1 2 110°C,20h 3 4
(1.0 equiv) (2.5 equiv)
Entry Solvent” Relative ratio 1/3/4°
1 ChCl/Gly 1/2 2/0/98¢
2 Gly 19/19/62
3 Gly/H,0 2/1 9/14/77
4 Gly/H,0 1/1 6/8/86
5 Gly/H,0 1/2 4/6/90
6 Gly/H,0 1/3 3/4/93
7 H,0 (type II) 0/0/100
8 H,O (sink) 0/0/100
9 H,O (seawater) 0/0/100
10 H,O (industrial wastewater) 0/0/1007
11 Kolliphor-EL 2% in type II H,O0"" 0/0/100

“[1] = 0.2 M, i.e. 0.5 mmol of 1 in 2.5 mL of solvent. All mixture com-
positions are expressed as molar ratios. ” Determined by 'H NMR ana-
lysis of the crude reaction mixture, after work-up. ° Reproducing litera-
ture conditions (reported relative ratio: 1/1/98). 9 83% yield of 4 after
column chromatography.

and it was restored to almost completeness with the Gly/H,O
1/3 mixture (entry 6).

Based on these results, we envisaged the opportunity of
making the methodology further simpler and less impactful by
eliminating Gly and performing the Pd-catalysed C-H arylation
in H,O alone as the solvent. Under these conditions, complete
conversion into 4 was observed (entry 7). Water is in general a
more desirable solvent than any organic compound since it is
widely available, non-toxic, and cheap.'"**?? In the past two
decades, advances in the use of water as the reaction medium
for the C-H arylation of aromatic scaffolds,***° including thio-
phene derivatives,’>*" have been made possible by the intro-
duction of a surfactant in the reaction environment, thus
exploiting micellar catalysis. In line with previously reported
methodologies, the synthesis of 4 proved effective in aqueous
micellar solution (entry 11); however, the results presented in
Table 1 clearly show that the addition of a surfactant is not
necessary, as the reaction proceeds smoothly in water alone.
Instead, it should be noted that the need for high purity grade
water inevitably increases the economic, energetic and sub-
sequently environmental burden of its production, not to
mention the possible interference with the production of water
for human consumption.*> Moreover, contaminated water,
downstream of its use as a reaction medium, must be treated
before its ultimate disposal, thus significantly impacting the
cost and sustainability. To address these issues, we investi-
gated the robustness of the C-H arylation protocol for
different qualities of water by testing tap water from the lab-
oratory sink (entry 8), a sample of seawater collected from the
Tyrrhenian Sea (entry 9) and, most importantly, several
samples of wastewater coming from the industrial processes of
the company Ahlstrom Italia S.p.A. (entry 10). The results show
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that the reaction is tolerant to the different types of water
employed, as full conversion into 4 was observed in all cases.
Upon isolation through flash column chromatography, a
remarkable 83% yield of 4 was obtained in the case of the reac-
tion run in industrial wastewater (entry 10). Employing waste-
water as a medium constitutes a valuable opportunity to repur-
pose waste, which is entirely a cost, thus mitigating both the
economic burden and the consumption of fresh resources.

Once we established the feasibility of the direct C-H aryla-
tion of 1 into 4 in industrial wastewater, we turned our atten-
tion to another aspect related to sustainability, that is the con-
sumption of energy. Indeed, the methodology involves heating
the reaction mixture at a quite elevated temperature, 110 °C,
for 20 hours. To this end, we studied the kinetics of the trans-
formation in the same industrial effluent by performing the
Pd-catalysed arylation of 1 with 2 at different reaction times.
The results, reported in Fig. 1, show that a full conversion into
4 is obtained after just 4 hours. By comparison, the reaction
performed in the ChCl/Gly 1/2 DES afforded much lower con-
version in the same timeframe, with a relative ratio of 1/3/4 as
high as 31/22/47 after 4 hours.

To assess the effective sustainability improvement of a syn-
thetic methodology, it is necessary to analyse it through the
lens of quantitative or semi-quantitative parameters, such as
green chemistry metrics. As mentioned above, direct C-H ary-
lation reactions generally suffer from impacting values of
mass-related metrics."”> Among such metrics, the most
common is the E-factor;'®'° however, the reaction mass
efficiency (RME) or the generalized mass efficiency (gRME) can
be helpful as well. RME and gRME are calculated as the ratio
of the product obtained to the mass employed. Still, RME con-
siders the mass of reactants only, while for gRME (also referred
to as mass productivity, MP), all the mass involved in the
process, including solvents and purification materials, is
considered.’®'”** The use of green metrics represents a
method to assess the sustainability of a given chemical
process and, notably, may help guide its design as well."”
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Fig. 1 Relative ratios, determined by *H NMR analysis of the crude reac-
tion mixture after work-up, of 1 (A), 3 (W) and 4 (@) at different reaction
times. Dashed lines are employed as a guide for the reader. Reaction
conditions: see Table 1, entry 10.
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Having determined the conditions for the effective direct C-H
arylation of 1 in industrial wastewater in a reaction time of
4 hours, we aimed at optimising its mass-related metrics while
simultaneously verifying its scalability to the gram-scale. To
this purpose, we increased the amount of substrate by 20
times, up to a 10 mmol scale, and we modified both the reac-
tion parameters and the work-up and purification procedure,
compared to the one applied to the previous part of the study.
In particular, the concentration of the reaction was increased,
thus decreasing the amount of solvent employed per mmol of
substrate, and the catalyst loading was decreased from 5 mol%
to 1 mol% (see the ESI} for details). The liquid/liquid extrac-
tion work-up (with an organic solvent, ie. CH,Cl,) was
replaced by precipitation and filtration, and the purification
was performed by trituration instead of column chromato-
graphy (see the ESIf for details). Under the optimised con-
ditions, we obtained the di-arylated product 4 in 74% yield
(Table 2). For the whole process, we calculated an E-factor
value of 31, lowered by 40% compared to the previously
reported methodology performed in DESs (E-factor = 52,
Table 2).*° A “classical” cross coupling strategy for the syn-
thesis of 4, involving the bromination of EDOT and the sub-
sequent Suzuki-Miyaura coupling with phenylboronic acid
(see the ESIt for details),"**’ is also included in the compari-
son and shows a considerably higher E-factor value of 121
(Table 2). Moving to the analysis of the other mass-related
green metrics, the RME value reveals that the reaction per-
formed in industrial wastewater is apparently slightly less
efficient than the one performed in DESs (0.237 vs. 0.287,
Table 2). This is a direct reflection of the lower chemical yield
of our process (74% vs. 90%), since RME considers the waste
generated by the reactants only, which is in the same amount
for the two different methodologies. However, when all the
materials employed in the reaction and post-reaction treat-
ments are included, the calculated gRME values show an
improvement of 63% for the industrial wastewater-based reac-
tion compared to the DES-based one (0.031 vs. 0.019, Table 2).
Again, the “classical” bromination-Suzuki coupling strategy
outperformed, displaying significantly lower values, in particu-

Table 2 Comparison of green metrics for the synthesis of 4 through
different methodologies

No. of
Synthetic methodology” steps Yield Metrics
C-H arylation in industrial 1 74% E-Factor 317
wastewater (this work) RME 0.237
gRME 0.031
C-H arylation in a DES*® 1 90% E-Factor 52
RME 0.287
gRME 0.019
Suzuki-Miyaura 2 55%° E-Factor 121°
cross coupling®**® RME 0.125
gRME 0.0074

“See the ESIf for details. ? If reaction water is not considered as waste,
the E-factor is 22 and gRME is 0.043. € Overall yield and metrics over 2
steps.

Green Chem., 2024, 26, 7013-7018 | 7015
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lar for the gRME metric (0.0074, Table 2). The significance of
these figures also relies on the fact that, when industrial waste-
water is used as a reaction medium, it contributes to the
overall sum but formally does not introduce new waste into
the production stream since it is already a waste from the pre-
vious process. To account for this fact, it could be possible to
calculate the E-factor and the gRME by excluding the water
from the sum of the waste, obtaining an E-factor value of 22
and a gRME value of 0.043, more than double the literature
value of 0.019. It ought to be noted that another commonly
used metric is the EcoScale, which assigns a score (out of 100)
based on the “penalties” attributed to each non-sustainable
aspect of the methodology.*® However, this parameter is not
helpful in analysing the difference between the reactions per-
formed in a DES and in water, since both solvents are con-
sidered not hazardous and thus obtain the same score on the
EcoScale.

To showcase the potential of this methodology for the
assembly of technologically appealing molecular scaffolds, we
approached the synthesis of three fluorescent dyes based on
the EDOT or the 2,3-dimethylthieno[3,4-b]pyrazine central
core, symmetrically decorated with aryl rings (Fig. 2).*”*® The
terthienyl derivative 7 has been studied as a monomer for the
assembly of narrow bandgap copolymers,*®™" while its diphe-
nyl-substituted analogue 6 has never been synthesised so far.
Through modification of the two coupling partners, it is poss-
ible to obtain fluorophores emitting in the desired region
throughout the whole visible spectrum with large Stokes shift
values (see the ESIf for details). The dianthracenyl substituted
derivative 5 emits in the blue region (4en,, = 475 nm), while the
replacement of the EDOT core of 4 with the acceptor TP
scaffold, such as in compounds 6 and 7, dramatically shifts
the optical properties towards emission in the orange (6, Aem =
609 nm) and red regions (7, Aem = 671 nm). From the synthetic
point of view, when moving from liquid reagents 1 and 2 to
solid ones, such as 9-bromoanthracene or 2,3-dimethylthieno
[3,4-b]pyrazine, a foreseeable problem might come from the
insolubility of such reagents in the aqueous reaction medium.
Nevertheless, the synthesis proceeded smoothly towards di-ary-
lated derivatives 5, 6 and 7. In particular, high yields of the
desired products were obtained when synthesizing the TP-
based fluorophores 6 and 7; in contrast, the C-H arylation of
TP in a DES was reported to require higher amounts of aryl

INAIS W
& L - s
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88% yield
E-factor 22
RME 0.293

gRME 0.043

64% yield
E-factor 42
RME 0.268

gRME 0.024

93% yield
E-factor 28
RME 0.381

gRME 0.035

Fig. 2 EDOT- and TP-based fluorescent dyes synthesized via direct C—
H arylation in industrial wastewater. See the ESI} for details on the syn-
thetic procedures.
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bromide.* In all cases, it was possible to recover the product
from the reaction mixture through filtration, and the purifi-
cation was feasible without column chromatography (see the
ESIt for details). It ought to be noted that the absence of a
chromatographic purification step could represent a concern
in terms of residual Pd content in the final product, which
should therefore be monitored in view of a possible appli-
cation of the methodology.”®> Moving to the analysis of the
green metrics, the calculated E-factor and gRME mainly reflect
the amount of solvent employed for the purification of the
final products. At the same time, the RME is affected by the
chemical yield and the atom economy of the transformation.
Notably, the synthesis of 6 afforded a substantially pure crude
reaction product, which required minimal purification, result-
ing in a lower E-factor and a higher gRME value. On the other
hand, the direct C-H arylation towards product 5 resulted in a
lower yield and a higher amount of impurities, negatively
impacting the values of green metrics (Fig. 2). For the syn-
thesis of 7, it was necessary to slightly increase the equivalents
of the aryl bromide coupling partner (3.0 equiv. instead of 2.5
equiv., see the ESIt for details) to avoid the presence of a
mono-arylated product in the crude reaction product, which
would necessarily imply a chromatographic purification step.
This is in line with the expected lower reactivity of electron-
rich aryl bromides, such as 2-bromothiophene.

Conclusions

In conclusion, in this work we have proposed, for the first
time, the use of water (without any organic cosolvent or micel-
lar additive) as the sole reaction medium in the direct C-H ary-
lation of thiophene derivatives, improving sustainability from
different points of view. First, the choice of water as the reac-
tion medium allows one to employ a non-toxic medium, with
benefits in terms of process safety. The possibility of using
low-purity grade water, such as industrial wastewater, without
affecting the reaction outcome, opens the way to reducing
costs and the consumption of fresh resources. This adds to the
fact that water allows one to break free from the reliance on
fossil sources involved in the production of conventional
organic solvents as well as some DES components. Second, the
use of water as a solvent enables a straightforward and advan-
tageous post-reaction treatment, thus positively impacting the
mass efficiency of the process, as illustrated by the mass-
related green metrics, and directly tackling the acknowledged
weakness of C-H arylation reactions. The possibility of increas-
ing the substrate concentration at low catalyst loading allows
the successful scale-up to the gram scale and is a promising
feature in view of an industrial application. In this regard, the
shorter reaction times (up to one sixth, compared to the litera-
ture) align in the same direction. As an added value, the meth-
odology has been applied to the synthesis of polyaromatic
scaffolds of potential technological interest. Future develop-
ment of this work could include the application of direct C-H
arylation in industrial wastewater to the synthesis of conju-

This journal is © The Royal Society of Chemistry 2024
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gated polymers for thermoelectric

applications.
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