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Conventional pyrrole syntheses typically rely on multistep proce-
dures or pre-functionalized substrates. Here, we report a one-pot
Paal—-Knorr cascade reaction that directly converts nitroarenes into
pyrroles. Employing low-pressure hydrogenation in the presence of
an iron catalyst, this approach enhances atom economy and sus-
tainability, offering an efficient and environmentally benign alter-
native to traditional methods.

Pyrroles are key structural motifs present in a diverse array of
natural products,' pharmaceuticals,* and functional materials.*®
Since its discovery in 1885, the Paal-Knorr reaction, the acid-
catalyzed condensation of 1,4-dicarbonyl compounds with primary
amines, has remained a cornerstone in the synthesis of substi-
tuted pyrroles.”® Subsequent refinements have expanded its
scope through modified conditions and alternative substrates.’
Nevertheless, traditional pyrrole syntheses frequently rely on
multistep sequences or pre-functionalized starting materials,
which can undermine their overall efficiency, practicality, and
sustainability.

In this context, nitroarenes represent attractive starting
materials due to their wide availability, low cost, and greater
stability compared to the corresponding anilines."*™® Accord-
ingly, their direct conversion into pyrroles could significantly
streamline synthetic routes, provided that mild and chemose-
lective reduction strategies are available. Among existing
reduction methodologies, catalytic hydrogenation using mole-
cular hydrogen (H,) is particularly appealing, offering excellent
atom economy and producing only water as a byproduct.
However, conventional hydrogenation protocols typically rely
on precious metal catalysts and/or require high H, pressures
and elevated temperatures,’* often compromising functional
group tolerance and sustainability.

To address these limitations, growing interest has focused on
developing selective catalytic systems based on earth-abundant
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metals, which offer a more sustainable and cost-effective alternative
to precious metal catalysts.”> In parallel, the rising demand for
greener synthetic methodologies has catalyzed the adoption of
cascade strategies, which integrate multiple bond-forming events
into a single operational step.'®'” Such approaches improve atom
economy, reduce solvent use and waste, and streamline purifica-
tion processes.

In this regard, a cascade strategy offers an attractive
approach for converting nitroarenes to pyrroles via the Paal-
Knorr reaction, as it combines selective nitroarene reduction
with condensation-cyclization in a single operation, providing
a sustainable and atom-efficient alternative to conventional
multistep routes (Scheme 1A).

A) Cascade Paal-Knorr synthesis of pyrroles from nitroarenes

NO, | NH, | N

\ One-pot, cascade reaction f

NO, SA L s
® 0 e
~4 L1 = i
[ PPh,
O ) —oom O L, PP
C) This work: mild and homogeneous cascade pyrrole synthesis
PhP php
NO, e :
@ N@ B
- L2 7
0. |l = |
N Hy (5 bar), 80 °C x PPhy
L2

+/ Green reductant (H,) +/ Earth-abundant metal (Fe)
+/ Mild conditions (5 bar, 80 °C)

+/ Good functional group tolerance </ Moderate to excellent yields (93%)

+/ Cascade, one-pot reaction

Scheme 1 Recent developments in homogeneous Fe-catalyzed cascade
syntheses of pyrroles from nitroarenes: (A) Paal-Knorr cascade via aniline
intermediates; (B) first homogeneous Fe-catalyzed example; (C) this work:
homogeneous cascade synthesis under low-pressure hydrogenation.
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While several cascade syntheses of pyrroles from nitroarenes
via the Paal-Knorr reaction have been reported in the past, most
rely on heterogeneous catalysts.'®>* Recently, we described the
first homogenous non-noble metal catalytic procedure for this
transformation (Scheme 1B).>* Shortly after, an alternative
approach using a molybdenum catalyst was also described.”®
In our previous work, we discovered that the combination of an
iron (Fe) precursor with the phosphorous-based ligand tetraphos
(tris(2-(diphenylphosphino)ethyl)phosphine) (L1) enabled the
efficient reductive condensation of nitroarenes with 1,4-
dicarbonyl compounds. While formic acid was selected as the
primary hydrogen donor, other hydrogenation conditions were
briefly explored, showing limited success across a small set of
substrates.

Building on these developments and recognizing the advan-
tages of molecular hydrogen as a clean and atom-efficient reduc-
tant, we sought to optimize this transformation, offering a more
sustainable approach to pyrrole synthesis. Herein, we report a
homogeneous, one-pot, cascade reduction-condensation strategy
for the synthesis of pyrroles from nitroarenes and 2,5-hexanedione
under low-pressure hydrogenation conditions (Scheme 1C). The
method exhibits broad functional group tolerance and provides
various substituted pyrroles in good to excellent yields (up to 93%).

Guided by our previous results with the Ph-tetraphos (tris(2-
(diphenylphosphino)phenyl)phosphine) (L2) system,>® we con-
ducted a preliminary evaluation of a series of structurally
related ligands, selecting nitrobenzene as the model substrate,
2,5-hexanedione as the 1,4-dicarbonyl compound, and Fe(BF,),-
6H,0 as the Fe source (Table 1, entries 1-4). Compared to the

Table 1 Screening of ligands and solvents in the cascade synthesis of
pyrroles from nitroarenes

2.0 mol% Fe(BF,),"6H,0

R,P
2.0 mol% Ligand

RoR
1.0 eq TFA Z @\\--P
NO, 1.2 eq 2,5-hexanedione N
H, (20 bar) PR,

Solvent, 100 °C

Entry Ligand Solvent Yield [%]
14 L2: R = Ph 84
24 L3: R = 4-MeO-Ph 70
3¢ L4: R = 4-CF,-Ph THE 38
4° L5: R = Xylyl 27
5P THF 71
6° 1,4-Dioxane 19
7° EtOH 38
8P i-ProH 64
9° t-AmOH 58
10? L2 2-Butanol 66
11° 2-Pentanol 72
12° Dibutyl ether <5
13° Toluene <5
14? Cyclohexane <5

Reaction conditions: Fe(BF,),-6H,O (0.01 mmol, 2.0 mol%), ligand
(0.01 mmol, 2.0 mol%), TFA (0.5 mmol, 1.0 equiv.), nitrobenzene
(0.5 mmol, 1.0 equiv.), 2,5-hexanedione (0.6 mmol, 1.2 equiv.), solvent
(1.5 mL), H, (20 bar), 100 °C. “ 2 h. ? 1 h. Yields were determined by GC-
FID analysis using hexadecane as internal standard. ¢-AmOH: 2-methyl-
2-butanol.
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unmodified ligand, the introduction of an electron-donating
group (L3) proved slightly detrimental to the reaction, whereas
the incorporation of an electron-withdrawing group (L4)
resulted in a significant decrease in catalytic activity. Increasing
the steric bulk of the ligand (L5) also led to a pronounced
negative effect. Ultimately, the initial system outperformed all
modified variants, which can be rationalized by considering the
steric hindrance associated with the ligand modifications
(Ph < 4-MeO-Ph < 4-CF;-Ph < Xylyl).

Having identified the optimal ligand for the transformation,
we next examined the influence of different Lewis acids. The
results of this extensive evaluation-which included sulfona-
mides, sulfonic acids, mineral acids, halogenated acids, and
other common acids—are presented in the SI (Fig. S1 and Table
S1). Among the acids tested, the highest yields were obtained
with fluorinated analogues such as heptafluorobutyric acid
(69%), chlorodifluoroacetic acid (74%), and trifluoroacetic acid
(TFA, 98%). Interestingly, no product formation was observed
when trichloroacetic acid was used. Attempts employing strong
mineral acids, non-halogenated carboxylic acids, or sulfona-
mides resulted only in poor conversions.

Given the increasing regulatory restrictions on polyfluori-
nated compounds,”” and aiming for a greener and more
sustainable approach, we investigated the effect of acid concen-
tration in a series of sulfonic acids, as they were the second-best
performing group (up to 18%) (Fig. S2). This analysis revealed
that each acid—as well as TFA—exhibits optimal performance
within a narrow and well-defined concentration (pH) range.
Although comparably higher yields could be achieved (up to
41% for camphorsulfonic acid), these values remained signifi-
cantly lower than those obtained with TFA (98%). For this
reason, TFA was selected for use in subsequent experiments.

Next, the influence of the solvent was evaluated (Table 1,
entries 5-14). Polar solvents such as i-PrOH, 2-butanol, and 2-
pentanol, along with THF, provided the best yields. In contrast,
product formation was significantly reduced when the reaction
was carried out in non-polar solvents such as toluene and
cyclohexane. An extended list can be found in Table S2. Since
THF proved to be more robust than 2-pentanol, it was selected
as the preferred solvent.

Following this analysis, we explored the effect of other
variables on the reaction outcome. The main results are sum-
marized in Table 2. Replacing the original Fe precursor with
Fe(acac), (Table 2, entry 2) or Fe(OAc), (Table 2, entry 3) led to
comparable results. In contrast, no product formation was
observed when FeBr, and FeCl, were used (Table 2, entry 4).
Increasing the amount of 2,5-hexanedione (Table 2, entry 5) did
not evidence any significant improvement. The addition of
molecular sieves to the reaction mixture (Table 2, entry 6)
proved detrimental to product formation. Increasing the reac-
tion time to 6 hours led to full conversion and 85% product
yield (Table 2, entry 7).

Aiming to achieve the desired transformation under milder
conditions, reactions were performed at 80 °C (Table 2, entry 8)
and 60 °C (Table 2, entry 9) with extended reaction times. While
80 °C afforded very good yields, the reaction at 60 °C failed to

Chem. Commun., 2026, 62, 2568-2571 | 2569
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Table 2 Further optimization of the reaction conditions

S

2.0 mol% Fe(BF,),'6H,0
2.0 mol% L2 _
1.0eq TFA 4/

1.2 eq 2,5-hexanedione ©/ N

H, (20 bar)
THF, 100°C. 1h

Entry Deviation from standard conditions Yield [%]
1 None 59
2 Fe(acac), as Fe precursor 52
3 Fe(OAc), as Fe precursor 55
4 FeCl, or FeBr, as Fe precursor 0
5 1.5 equiv. 2,5-hexanedione 58
6 3 A molecular sieves 35
7 Reaction time: 6 h 85
8 80 °C, 18 h 83
9 60 °C, 24 h 66
10 80 °C, 18 h, 1.5 mol% catalyst 76
11 5 bar H,, 80 °C, 18 h, 0.35 equiv. TFA 93

Standard conditions: Fe(BF,),-6H,O (0.01 mmol, 2.0 mol%), L2
(0.01 mmol, 2.0 mol%), TFA (0.5 mmol, 1.0 equiv.), nitrobenzene
(0.5 mmol, 1.0 equiv.), 2,5-hexanedione (0.6 mmol, 1.2 equiv.), THF
(1.5 mL), H, (20 bar), 100 °C, 1 h. Yields were determined by NMR
analysis using 1,3,5-trimethoxybenzene as internal standard.

deliver comparable results. Attempts to further reduce the
catalyst loading (Table 2, entry 10) also proved unsuccessful.
Extended optimization allowed the use of low H, pressures
(5 bar) and reduced TFA loadings (0.35 equiv.) (Table 2, entry 11),
which were ultimately selected as the optimized conditions.
With the optimized conditions in hand, we proceeded to
evaluate the general applicability of the system (Scheme 2). The
reaction of the model substrate (1a) afforded the product in
excellent yield (92%). The introduction of a methyl group at the
ortho position (2a) led to a pronounced drop in yield (30%),
likely due to steric hindrance affecting catalyst coordination.
Given the pronounced effect of acid concentration on the
reaction outcome, the reaction was repeated using an increased
amount of TFA (1.0 equiv.). Under these conditions, the pro-
duct was isolated in 62% yield, further highlighting the critical
role of pH in this transformation. Nitrobenzenes bearing
electron-donating groups such as -OH (3a) and -OMe (4a)
afforded the desired product in excellent and very good yields,
respectively. Notably, sulfur-containing nitroarene 5a, which is
known to poison Pd/C during hydrogenation,”® was success-
fully converted under the present conditions. In general, halo-
gen derivatives (6a-9a) were well tolerated, and no side-products
were observed. The reaction also proceeded smoothly in the
presence of boronic ester 10a, furnishing the corresponding
pyrrole in 70% yield. When an olefin-containing substrate was
tested (11a), moderate product formation was observed; impor-
tantly, no over-reduction was detected. An alkynyl-nitroarene, 1-
ethynyl-4-nitrobenzene (see SI), was detected in 26% yield.
However, under the reaction conditions both the starting mate-
rial and the corresponding pyrrole were not well tolerated and
underwent reduction to the respective alkenes and/or hydration
products, leading to an overall conversion of 51%. The nitrile-
substituted nitroarene (12a) resulted in a poor conversion,
likely due to the strong electron-withdrawing nature of the
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Scheme 2 Substrate scope for the cascade synthesis of pyrroles from
nitroarenes. Reaction conditions: @ Fe(BF4),-6H,O (0.01 mmol, 2.0 mol%),
L2 (0.01 mmol, 2.0 mol%), TFA (0.175 mmol, 0.35 equiv.), nitrobenzene
(0.5 mmol, 1.0 equiv.), dicarbonyl (0.6 mmol, 1.2 equiv.), THF (1.5 mL), H,
(5 bar), 80 °C, 18 h; °TFA (0.5 mmol, 1.0 equiv.); € Fe(BF4),-6H,0 (0.025 mmol,
5.0 mol%), L2 (0.025 mmol, 5.0 mol%). Isolated yields are shown.

nitrile group, which may hinder reduction, or due to catalyst
inhibition.

We next examined acyl-substituted nitrobenzenes (13a-15a),
which generally afforded moderate yields (40-60%). Here, higher
yields were obtained when substrate 13a was tested at an
increased catalyst loading (from 40% to 66%). Similar improve-
ments are likely achievable for other low-yielding substrates,
although higher catalyst loadings would be required. Notably, an
aldehyde-containing substrate, 4-nitrobenzaldehyde (see SI)
failed to react, and no product formation was detected.

This journal is © The Royal Society of Chemistry 2026
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To further assess the scope of the methodology, three
nitroarenes bearing heterocycles were evaluated. Nitrogen-
containing heteroarenes, such as 6-nitroquinoline (16a), were
not tolerated under the reaction conditions (18% yield). A
similar behavior was observed for 3-nitropyrrole, which showed
approximately 20% conversion by GC-FID analysis (see SI). In
contrast, 5-nitrobenzofuran (17a) afforded the desired pyrrole
in 78% yield. Notably, the sulfur-containing heterocycle 5-
nitrobenzo[b]thiophene (18a) was not reduced.

Finally, we examined the reaction when 2,5-hexanedione
was replaced with other dicarbonyl sources. Using 2,5-dimeth-
oxytetrahydrofuran as a succinaldehyde surrogate (19a) afforded
moderate yields of the corresponding pyrrole (50%). The reaction
with 1-phenylpentane-1,4-dione (20a) provided very good yields
(80%), whereas a more challenging dicarbonyl, 1,4-diphenyl-
butane-1,4-dione (21a), gave moderate yields (56%). Overall,
the scope and limitations of the reaction across diverse nitroar-
ene substrates and dicarbonyl sources were evaluated.

In summary, we have developed an atom-economical cas-
cade synthesis of pyrroles directly from nitroarenes. Using an
iron-based catalyst in combination with a phosphine ligand,
the transformation proceeds under mild conditions and low
hydrogen pressure, delivering pyrroles in good to excellent
yields. This sustainable protocol demonstrates comparable
efficiency to our previous methodology while offering improved
potential for industrial implementation.
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