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Introduction

Nitrogen-containing heterocycles have crucial importance in
medicinal chemistry and drug discovery, as demonstrated by
their striking predominance in marketed drugs.'™ Owing to
their variety of biological activities, indole- and indoline-based
structures have always deserved particular importance, being
broadly found in medicinally relevant compounds of
natural®® and synthetic origins.” "

The indole scaffold has been referred to as a “privileged
scaffold”* ™ owing to its capacity to interact with a diverse
range of receptors, such as dopamine, serotonin and sigma
receptors with high affinity.">™'® Moreover, indole-based mar-
keted drugs cover a broad set of indications, including anti-
inflammatory, antihypertensive, anti-tumor, antiemetic, and
antimigraine activities, among others (Fig. 1)."°

Despite indole primacy within the family, indolenines and
their reduced counterparts (i.e. indolines) also represent recur-
rent substructures inherently incorporated in numerous alka-
loids as well as medicinally relevant compounds (Fig. 2).2°>¢

In general, the central relevance of this class of compounds
significantly fostered synthetic research efforts towards the
achievement of indole-based complex molecules and simpler
architectures for medicinal chemistry applications.?”*®
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indolisation to synthesize indoles and indolines taking advantage of oxalic acid and dimethylurea. The
solvent-free procedure shows versatility and wide scope; it applies to a broad range of arylhydrazines and
carbonyl compounds, leading to variously decorated indoles and indolenines. Upon suitable modification,
the methodology can also allow preparing compounds of pharmaceutical interest.

Fisher indolisation and its interrupted variation still rep-
resent the preeminent method for synthesizing the indole and
indolenine cores, respectively (Scheme 1, pathways a and b).
This timeless reaction was first discovered in 1883 by Emil
Fischer and found a broad array of applications in industry
and academia over the years.>** Instead, an indolenine ring
is generated in the case of a,a’-disubstituted aldehydes and
ketones (namely, the interrupted Fischer variation, Scheme 1,
pathway b).?°** The metastable indolenines quickly undergo
1,2-migration under acid conditions to give the thermo-
dynamically more stable indole (Scheme 1, pathway c). This is
a well-known phenomenon that readily occurs in indolenine
chemistry.**?*

Effective generation of indole-based compounds employing
Fischer reaction usually requires strong acids in organic sol-
vents (toluene, xylene, DMF, THF, etc.) at elevated temperatures
(up to 200 °C). Typical acidic catalysts used for Fischer-type
reactions include Brensted acids (HCl, H,SO,, TFA, p-TsOH,
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Fig. 1 Structures of indole-based marketed drugs.
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Fig. 2 Structures of indol(en)ine-containing alkaloids and another syn-
thetic medicinally relevant compounds.

PPA, AcOH),***° and Lewis acids (BFs;, ZnCl,, AlCl;, TiCly,
PC13).40742

As a result, the Fischer indolisation is an energy-demand-
ing process generating considerable waste, mainly because of
the large amount of strong acid catalysts needed to boost the
reaction towards the complete conversion of the reactants.
Many of the reported methods suffer from drawbacks such as
harsh or sensitive reaction conditions (ethyl diazoacetate, NIS,
hazardous reagents: Zn(CN),, BF;-OEt,, N-nitrosoanilines,
vinyl azides) or limited substrate scope.****

Implementation of Fischer protocols in a greener and more
sustainable mode has attracted significant attention in the
past few years. Newly proposed methodologies have focused
on heterogeneous and recyclable solid acid catalysts (e.g. zeo-
lites, montmorillonite clays, amberlyst).**" Still, their practi-
cal application is often anyway limited by restricted accessibil-
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ity and/or rapid deactivation. The Fischer reaction was also
developed in environmentally benign solvents such as ethanol
and water.>>>>>® However, the latter procedures are promoted
by SO;H-functionalized Brgnsted acidic ionic liquids. The
preparation of these imidazolium-based catalysts requires
additional synthetic steps and strong acids (H,SO,, HCI,
H;PO, etc., at water reflux) for the protonation of the final zwit-
terions, thus undermining the validity of the initial assump-
tions, and questioning about the sustainability of the process
considering the toxicity of ionic liquids.>*** In addition, com-
plete conversion is achieved at temperatures above 80 °C,
which are often inconsistent with the use of temperature-sensi-
tive functional substrates.

We herein report the results of our extensive experimen-
tation aimed at developing a mechanochemical Fischer-type
protocol of broad usefulness to synthesize indole derivatives.
The mechanochemical approach is gaining increasing atten-
tion due to its ability of imparting existing methodologies with
higher efficiency and sustainability.>*"”

Among the advantages, mechanochemical activation helps
circumventing the challenges associated with solvent selection
and reagent solubility.>®®%® This aspect is particularly rele-
vant when setting up ‘greener’ protocols and multistep
sequences. Furthermore, reduced energy costs and minimum
operator’s exposure to chemicals render the process more cost-
effective.’®*®’° In this context, implementing a sustainable
mechanochemical Fisher indolisation protocol prone to broad
application shows undeniable appeal.

A recently published article’* on the Fischer indole syn-
thesis by mechanochemical activation highlights the relevance
of this topic and the usefulness of ball-milling to ensure more
sustainable access to this class of compounds.
despite the significant improvement, this procedure still has
some shortcomings that severely limit its utility. In particular,

However,
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Scheme 1 General Fischer indole synthesis (pathway a) and its interrupted variation (pathway b). Acid promoted 1,2-alkyl migration of 3,3’ alkylin-
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the scope of this newly developed methodology is limited to
the preparation of tetrahydrocarbazole frameworks in the pres-
ence of silica as a grinding additive (720 mg mmol™" of
ketone).

We started our investigation on the mechanochemical
Fischer synthesis prompted by the need for wide-scope, opera-
tionally eco-compatible and straightforward protocols.
p-Tolylhydrazine hydrochloride 1a and propiophenone 2a were
selected as the model substrates to set up the appropriate con-
ditions for developing a more comprehensive strategy for the
adequate preparation of indole- and indoline-based templates
(Table 1).

Aldehydes and ketones are predominantly liquid, so the
reaction needs a solid grinding auxiliary/adsorbent to be per-
formed effectively. Initially, we reasoned that silica gel could
be the best choice since it was already successfully used for
the mechanosynthesis of tetrahydrocarbazole derivatives.
Related experiments have been performed in ZrO, jars (15 mL)
with two balls (@ = 8 mm, m: 6.5 g), where p-tolylhydrazine
hydrochloride 1a (159 mg, 1.0 mmol) and propiophenone 2a
(147 mg, 1.1 mmol) were ball-milled in the presence of silica
(300 mg) with a mixer mill (30 Hz) for 100 minutes.

Under these conditions, as previously highlighte
silica becomes an even stronger solid acid by absorbing HCI
on its surface, thus promoting the subsequent acid-catalyzed
Fischer reaction. To our surprise, in these first attempts to
promote the indolisation of in situ generated hydrazone 4a,”
we detected only the formation of small amounts of the
desired indole 3a accompanied by the unreacted ketone 2a
(Table 1, entry 1, 3a:4a=99:1).

At this point, knowing that Fischer indole synthesis is an
acid promoted reaction, we increased the acidity of the result-
ing solid mixture by adding NaHSO, (120 mg) to promote the
[3 + 3] sigmatropic rearrangement under ball-milling con-
ditions (Table 1, entry 2).”* The increased acidity resulted in a
significant rise in indole yield (46%),”>”” highlighting that the
operating acidity of the reactive medium is a crucial design
parameter controlling the mechanochemical hydrazone-indole

71,72
d,””
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conversion. This result prompted us to increase the ratio of
the sulfate acid salt relating to silica gel. However, this was det-
rimental on the indolisation process (Table 1, entry 3).

We observed similar outcomes by adding a catalytic
amount of solvent (MeOH, CH;CN; LAG, n = 0.1 pL mg™%;
Table 1, entries 4 and 5). On the other hand, NaHSO, (120 mg)
in the absence of silica gel did not promote the transformation
denoting a synergistic effect of the two components (Table 1,
entry 6). Under these reaction conditions, even extending the
milling time (300 min) did not significantly improve the result.
Since acid catalysis proved crucial for boosting reaction, we
turned our attention to other solid acids such as tetrabutyl-
ammonium bisulfate, p-toluensulfonic acid (PTSA), and tarta-
ric acid (Table 2 and Table S1 in ESI}). However, they showed
modest efficiency in promoting the Fischer indole synthesis,
thus providing indole 3a in low yields.

Assuming that the inefficient formation of phenylhydra-
zone 4a is a consequence of our working conditions, we
decided to use a basic scavenger for hydrochloric acid, thus
favoring the nucleophilic attack from the acid-free
phenylhydrazine.

In this regard, previous work’® has proven that imidazole
can act as a mild base, allowing to overcome drawbacks related
to the low conversion of the reagents into phenylhydrazone 4a.
Imidazole was very effective in promoting the complete for-
mation of phenylhydrazone 4a; on the contrary, it significantly
inhibited the subsequent [3 + 3] rearrangement to the indole
ring (Table 2, entry 4).

The indolisation process was split in two distinct steps to
fine-tune the reaction parameters. The first one was targeting
the formation of phenylhydrazone 4a in the presence of imid-
azole, while in the second, PTSA (2 equiv.) was added to the
same jar to promote indole ring generation. However, even in
this case, only small amounts of the desired indole 3a were
obtained, accompanied by a considerable percentage of
unreacted starting materials and the simultaneous formation
of aniline as a side-product (Table 2, entry 5). Such a result
suggested the occurrence of a competing path arising from the

Table 1 Screening of reaction conditions for the mechanochemical Fischer indole synthesis®?

Additives/catalyst

0
ﬂ\@ g )J\ (9) 100 min, 30 Hz
NHCl + — -
Ph” E
/©/ ' -NH.Cl
M

1a 2a 4a
Entry Additive (mg) Acid (mg) 3a‘ (%)
1 Si0, (300) — 14
2 Si0, (300) NaHSO, (120) 16
3 Si0, (150) NaHSO0, (120) 20
44 Si0, (300) NaHSO, (120) 34
5¢ Si0, (300) NaHSO0, (120) 35
6 — NaHSO, (120) —

“1a (158.6 mg, 1.0 mmol), 2a (147.6 mg, 1.1 mmol) and additive were ball-milled in a 15 mL ZrO, milling jar with 2 milling balls (& = 8 mm, m
= 6.5 g overall) of the same material. ? Selectivity ratio 3a : 4a >99%. ° Determined by GC-MS analysis. ¢ Catalytic amounts of MeOH were used (i =
0.1 pL. mg ™). ¢ Catalytic amounts of CH;CN were used (7 = 0.1 pL. mg™ ).

This journal is © The Royal Society of Chemistry 2022 Green Chem., 2022, 24, 4859-4869 | 4861
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Screening of reaction conditions for the mechanochemical Fischer indole synthesis

Additives/catalyst

(% 100 min, 30 Hz
NH3C| + Ph)L
- NH4CI
M

m&/@

1a 2a

Entry® Catalysts (mmol) a’ (%) Ratio” (%) of 3a: 4a
1 PTSA (1.5) 36 99:1
2 OA (1.5) 32 99:1
3 Tartaric acid (1.5) 6 1:99
4 Imidazole (1) — 1:99
5¢ PTSA/imidazole (2:1) 25 78:22
6 DMU/PTSA (7:3) 43 77:23
7 DMU/OA (7: 3) 40 71:29
8? DMU/OA (7 :3) 56 69:31
ghe DMU/OA (7 :3) 50 73:27
10%¢ DMU/OA (3:7) 58 99:1
114 DMU/OA (1.5:3.5) 60 99:1
124 DMU/OA (1.5:3.5) 68 99:1
13%¢ DMU/OA (1.5 :3.5), MeOH (7 = 0.1 uL mg™") 55 99:1
14%¢ DMU/OA (1.5 : 3.5), CH;COOH (7 = 0.1 pL. mg™") 76 99:1
15%¢ DMU/OA (1.5 : 3.5), 3-pentanol (5 = 0.1 pL mg ™) 77 99:1
164 DMU/OA (1.5:3.5), DMF (7 = 0.1 pL. mg™") 79 99:1

“1a (158.6 mg, 1.0 mmol), 2a (147.6 mg, 1.1 mmol), and catalysts were ball-milled in a 15 mL ZrO, milling jar with 2 milling balls (&
“1a (158.6 mg, 1.0 mmol), 2a (147.6 mg, 1.1 mmol) and imidazole (68.1 mg,

6.5 g overall) of the same material. ” Determined by GC-MS.

=8 mm,

1.0 mmol) were milled for 60 minutes, afterward PTSA (344.4 mg, 2.0 mmol) was added, and the mixture was ball-milled for additional

100 minutes. ¢ The j jar was loaded with ZrO, balls (20, @ = 3 mm, M, =

cleavage of the N-N phenylhydrazine bond under our working
conditions. At this stage, we envisioned the possibility of
screening different binary mixtures of hydrogen bond accep-
tors and donors, wondering if such a mixture, under mechano-
chemical processing conditions, could act as an efficient cata-
lyst for the Fischer indolisation (see Table 2 and Table S1 in
ESIY).

Gratifyingly, the oxalic acid (OA) and dimethylurea (DMU)
mixture revealed remarkable efficiency. Indeed, OA displays
marked acidity that could be beneficial in promoting the
Fischer reaction (Table 2, entries 6 and 7). Regarding DMU, its
presence significantly increased the conversion rate, while
playing a minor role in the process selectivity.

In these first studies, the mechanochemical processes were
carried out in the presence of an excess of the two solid com-
ponents, specifically DMU (7 equiv., 617 mg) and OA (3 equiv.,
270 mg).**

Moreover, it was observed a slight increment in the efficacy
of the process, switching from 2 (@ = 8§ mm) to 20 (@ = 3 mm)
zirconia balls, keeping the overall final weight unchanged
(Meor: 6.5 g, Table 2, entry 8).

These reaction conditions proved valuable in the mechano-
chemical Fischer indole synthesis, with the desired indole 3a
obtained in 56% of yield after 100 minutes of milling (Table 2,
entry 8).

An increase in reaction time up to 250 minutes did not sig-
nificantly improve the results in terms of reaction yields
(Table 2, entry 9). In contrast, a change in the ratio compo-
sition of DMU and OA resulted in an increased selectivity
(99:1, Table 2 entry 10). Additionally, comparable results were

4862 | Green Chem., 2022, 24, 4859-4869

6.5 ).

¢ The mixture was ball milled for 300 minutes.

obtained halving the amount of auxiliary grinding mixture
(DMU and OA), thus reducing the reaction waste (Table 2,
entry 11). Under these reaction conditions, we observed that
ball milling over longer times enhanced conversion without
affecting the process selectivity (Table 2, entry 12).

The procedure performed even better under liquid-assisted
grinding conditions, in the presence of a small amount of
solvent ( = 0.1, pL. mg™'). We observed that higher boiling
point solvents provided indole 3a with improved and compar-
able yields (Table 2, entries 14-16). However, for the scope of
this procedure, we identified acetic acid as the most suitable
additive, offering a good balance between efficacy, cost of pro-
duction, and environmental impact. Moreover, acetic acid can
be easily removed during the final purification step. Once the
reaction was accomplished, the crude was indeed purified by
trituration with water. Indole 3a was recovered by filtration
without using a single drop of organic solvent, emphasizing
the green character of this mechanochemical protocol.

Once identified the optimal conditions, the reaction scope
was broadened by reacting a set of different phenylhydrazines
1a-1i and 5a and ketones 2a-2q (as specified in the ESIT), in
order to validate the generality and efficiency of this mechano-
chemical protocol. The results were mostly consistent with the
general trend observed for the Fischer indole synthesis in solu-
tion, which is considerably influenced by the steric and elec-
tronic nature of the substituent groups (Scheme 2).

Going into more detail about the structure-reactivity
relationship, we observed that 4-methyl- and phenylhydrazine
provided indoles 3a and 3b,
amounts (Scheme 2). However, introducing a chlorine substi-

respectively, in comparable

This journal is © The Royal Society of Chemistry 2022
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Scheme 2 Reaction Scope of Mechanochemical Fischer indole synthesis. Reaction conditions: 1 (1 mmol), 2 (1.1 mmol), oxalic acid (3.5 mmol), di-
methylurea (1.5 mmol) and acetic acid (7 = 0.1 L mg™?) were ball-milled in a 15 mL ZrO, milling jar with 20 milling balls (z = 3 mm, M. 6.5 g) of the
same material for the given time. ?Isolated yields. ° The reaction mixture was ball milled for 400 minutes. “The reaction mixture was ball milled for
100 minutes. ®Isomer ratio determined after reduction, assuming a completed conversion of indolenine into the corresponding indoline. n.r. = no

results.

tuent on the para position of the aromatic ring in the phenyl-
hydrazine generally has a detrimental effect on the reaction
outcome (Scheme 2, indole 3c¢). Low conversion of phenylhy-
drazone to the indole 3¢ was observed even after prolonged
reaction time (400 minutes). Conversely, the reaction of
4-methoxy phenylhydrazine with the propiophenone pro-
ceeded more slightly, providing the corresponding indole in
79% yield (Scheme 2, indole 3d).

Then, the reactivity of meta-substituted phenylhydrazines
was explored to investigate whether a possible effect on the

This journal is © The Royal Society of Chemistry 2022

selectivity could be detected. In solution, meta-substituted phe-
nylhydrazines usually give a mixture of 4- and 6-substituted
indoles. However, the relative amounts vary to only a slight
degree based on the electronic nature of the substituents,
being the 6-substituted indole the leading product in the pres-
ence of an electron-donating group and the 4-substituted
indole with an electron-withdrawing group.””

According to this general trend, the ball milling of
3-methylphenylhydrazine with propiophenone gave a mixture
of two regioisomers showing modest regioselectivity for the

Green Chem., 2022, 24, 4859-4869 | 4863
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indole 3e, (3e,/3ep: 58/42, Scheme 2). On the other hand, 4-
and 6-substituted chloro derivatives 3f, and 3f}, were detected
only in traces.

Subsequently, we focused on preparing an array of tetrahy-
drocarbazole products using as starting carbonyl components
symmetric cyclic aliphatic ketones.

The optimized process conditions afforded tetrahydrocarba-
zoles 3g-0, in high yields and purity (Scheme 2). In this case,
the presence of halogen-substituents on the aromatic ring was
compelling and well-tolerated (entries 3i-k). Moreover, the
presence of bulky or pendant (phenyl) groups on the cyclohex-
anone ring did not appear to dramatically perturb the per-
formance of this Fischer indole synthesis (Scheme 2, indoles
3l and 3m). The investigation was next extended to the reaction
between  2-substituted cyclohexanone and 4-methyl-
phenylhydrazine (Scheme 2).

Previous studies’®®° in solution revealed that the selectivity
of the process was influenced by both the nature of the acid
catalyst and the electronic and steric properties of the 2-substi-
tuent, driving the reaction toward the preferential formation of
the indole product (i.e., 3n,) and/or the alternative indolenine
3ny, (Scheme 2). Usually, when the process is performed in the
presence of glacial acetic acid, the indolenine derivative 3ny
results in the major component. In contrast, under strongly
acidic conditions, such as aqueous sulfuric acid, the formation
of the less substituted ene-hydrazine is favored, leading to the
preferential formation of the corresponding indole 3n,. In
addition, the nature of the substituents on the carbon in
a-position to the carbonyl group significantly affects the
regioselectivity.””® Under the optimized mechanochemical
conditions, we examined the behavior of two cyclohexanone
derivatives bearing a pendant at the alpha position, namely
2-methyl- and 2-phenyl-cyclohexanone.

Furthermore, to avoid any possible decomposition of the
indolenine during the purification steps, after the completion
of the conversion of the ketone to indolenine 3mny, 304 or
indole 3n,, 30,, the reaction mixture was reduced in situ (see
ESL+ and Scheme 4), resulting in the transformation of the
indolenine to the corresponding indoline. In the case of the
2-methyl cyclohexanone, the reaction led to a mixture of two
possible products with a slight preference for the indolenine
3ny, (Scheme 2, 3n,: 3ny, = 44 : 56), in line with previous studies
in solution.”” The ratio indole/indolenine was reversed by
using 2-phenyl-cyclohexanone. The presence of a phenyl group
in the a-position to the carbonyl group favors the formation of
the indole 30, over the indolenine 30}, (Scheme 2, 30,: 30}, =
66: 34, Scheme 2).

A constrained cyclohexanone system, such as the
o-tetralone 2e, was subjected to the reaction conditions
leading to the corresponding indole (3p) in high yield
(Scheme 2). At the same time, the cromanone 21 was coupled
with 4-methoxy-phenylhydrazine providing the corresponding
indole 3q in a very satisfying yield (Scheme 2). Remarkably, the
present methodology was successfully applied to the synthesis
of the indole 3r which represent a crucial precursor for the syn-
thesis of Tubastatin A, a selective HDAC6 inhibitor.%!
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To examine the ring size effect of cyclic ketones, cyclopenta-
none, cycloheptanone, and cyclooctanone were milled in the
presence of 4-methylphenylhydrazine, resulting in the target
indoles 3s-3u, in good to excellent yields. The mechanochem-
ical Fischer indole synthesis, performed using non-symmetric
methyl ketone substrates, represents another interesting
example of a substrate-controlled regioisomeric reaction.

Unfortunately, when acetophenone was submitted to the
reaction conditions, the corresponding 2-phenylindole was
detectable not even in trace amounts and after prolonged reac-
tion time (Scheme 2, indole 3v). Although this may appear a
significant limitation of our mechanochemical protocol, it has
been exploited to selectively synthesize a series of 2-methyl
indoles (Scheme 2: 3w-z). For example, the reaction of phenyl-
hydrazine 1a with methyl ketones 20 and 2p (Table S2 in ESI¥)
gave only one of two possible regioisomers, affording the
indoles nucleus decorated with a benzyl or a p-methoxy-phenyl
pendant in 3-position in 74 and 99% isolated yields, respect-
ively (Scheme 2, indoles 3w and 3x). Furthermore, the pro-
cedure proved to be compatible with the ester moiety, provid-
ing both the indoles 3y and 3z in 43% and 67% yields and
opening a way for further derivatization through the carboxylic
function (Scheme 2).

Finally, when a symmetric ketone with a linear alkyl chain
was used, the indolisation proceeded smoothly (Scheme 2,
indole 3za). In general, the developed mechanochemical proto-
col provided good results, in terms of yields and selectivity, for
preparing indoles 3a-3za.

At this point, we addressed our effort toward the synthesis
of 2-unsubstituted indoles starting from the corresponding
aldehydes. The previously optimized mechanochemical proto-
col was extended to a set of different aldehydes, such as pro-
pionaldehyde, 3-phenyl-propionaldehyde, and heptanal in the
presence of the p-tolylhydrazine 1a. Unfortunately, in all the
experiments, the reaction provided a complex mixture from
which it has not been possible to isolate the desired product.
This issue could be overcome by adopting 1-methyl-1-phenyl-
hydrazine 5a (Scheme 3). A methyl substituent on the nitrogen
atom (N1) played a crucial role in the process, allowing for 7a-
7e indole products (Scheme 3). Besides, indole derivatives 7f
and 7g, using propiophenone and cyclohexanone, respectively,
were successfully prepared (Scheme 3).

As stated in the introduction, the indolenine/indoline core
is highly relevant for constructing biologically active com-
pounds. Despite several reports on eco-friendly Fisher indole
syntheses, sporadic investigations have been performed on its
interrupted variation.®>®® This is especially true for 3,3'-di-
substituted indolenine frameworks associated with additional
challenges.

Interrupted Fischer indolisation is still the most widely
used approach to prepare the indolenine nucleus. However, as
a rule, the synthesis of this heterocycle is developed in acetic
acid, which plays the dual role of solvent and acid catalyst,
needed to promote ring closure. The reaction requires an
input of heat from an external source (>80 °C), and often the
same experimental conditions needed to trigger the inter-

This journal is © The Royal Society of Chemistry 2022
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Scheme 3 Reaction scope of mechanochemical Fischer indole syn-
thesis using N-methylphenylhydrazine. Reaction conditions: 5a
(1.0 mmol), 6 and 2 (1.1 mmol), oxalic acid (3.5 mmol), dimethylurea
(1.5 mmol) and acetic acid (; = 0.1 uL mg™) were ball-milled in a 15 mL
ZrO, milling jar with 20 milling balls (& = 3 mm, mx = 6.5 g) of the
same material for the given time. ? Isolated yields.

rupted Fischer indolisation promote the migration of one of
the two side chains on the 3,3-disubstituted indolenines,
which generates the most thermodynamically stable indole
ring (Scheme 1, pathway C).>*®**%> Moreover, the acetic acid,
used as a solvent in the synthesis of the indolenine core, is
often incompatible with the reducing agents used in the next
step to reduce the indolenines to indolines and, therefore, has
to be distilled away. Solvent removal is energy demanding and
could be a significant obstacle, mainly working at larger scale.

As extensively emphasized in the literature, working in this
context is challenging. Finding innovative solutions that are
entirely in line with the requirements of green chemistry
becomes a complex puzzle hard to solve. Removing the solvent
and working at room temperature are, at least from a theore-
tical point of view, the most straightforward solution to over-
come the issues, combining the requirements of synthesis
with those of green chemistry.

Once again, mechanochemistry is emerging as a green
technology that can provide the right solutions to these
complex problems, avoiding the propensity of the metastable
indolenines to undergo 1,2-migration. For this reason, we
decided to explore the feasibility of a Fischer interrupted reac-
tion followed by the in situ reduction of the resulting indole-
nine and spiroindolenine.

At first, we established the feasibility of the indolenine for-
mation by reacting the 4-methyl-phenyl hydrazine and cyclo-
hexane carboxaldehyde under the optimized reaction con-
ditions. Then, we were pleased to observe an almost quantitat-
ive formation of the indolenine nucleus (Table 3, compound
9a) by GC-MS and 'H-NMR analysis on the reaction crude.
Remarkably, the interrupted Fischer indolisation reaction pro-
ceeds smoothly using commercially available arylhydrazine
hydrochlorides, which directly react in situ without any pre-

This journal is © The Royal Society of Chemistry 2022
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Table 3 Screening conditions for the mechanochemical synthesis of
indolines

o
| Me reducing Me
oxalic acid/DMU agent
1a + / —_— >
(9) LAG (acetic acid) N (9) N
>99 %
8a 9a 10a
Entry” Reducing agent Equiv. 10°
1¢ Pd/NH,HCOOH 5 (mol%)/3 n.r.
2 NaBH(OAc); n.r.
3 NaBH, 4 90%
4 NaBH, 2 91%
5 NaBH, 1 50%
67 NaBH, 1.5 90%
7¢ NaBH, 1 70%

“1a (158.6 mg, 1 mmol), 8a (123.4 mg, 1.1 mmol), oxalic acid
(315.10 mg, 3.5 mmol), dimethylurea (132.16 mg, 1.5 mmol) and
acetic acid (7 = 0.1 pL. mg™") were ball-milled in a 15 mL ZrO, milling
jar with 20 milling balls (@ = 3 mm, M, = 6.5 g) of the same material
for 100 minutes, afterwards the jar was opened, the reducing agent
was added and the reaction mixture was ball-milled for additional
60 minutes. ” Determined by GC-MS.  The reaction mixture was ball
milled in the presence of SiO, (175 mg) and MeOH (7 = 0.25 uL mg™").
4The reaction was performed in the presence of 3-pentanol instead of
acetic acid (y = 0.1 pL mg ™).

liminary acid-base treatments
derivatives.

In addition, the desired indolenine was obtained selectively
concerning the 1,2-migration product under the developed
conditions. Based on previous reports on hydrogenation reac-
tions under mechanochemical processing conditions,*® the
in situ reduction of the C=N double bond in the indolenine
core was attempted. Our efforts to obtain the product using Pd
catalyst and ammonium formate under transfer hydrogenation
conditions led to a mixture of unidentified products (Table 3,
entry 1).*” Moreover, when NaBH(OAc); was used, no conver-
sion was observed (Table 3, entry 2). On the other hand, excel-
lent results were achieved in the presence of 4 equivalents of
NaBH, (Table 3, entry 3).

Finally, halving the amount of the reducing agent
(2 matches) allowed complete conversion toward the desired
product 10a (Table 3, compare entries 4 and 5).

Interestingly, 3-pentanol (LAG, # = 0.1 pL mg™") allows to
decrease the amount of sodium borohydride required to com-
plete the reduction down to 1.5 equivalents (Table 3, compare
entries 4 and 6). Nevertheless, green metrics based on the use
of 3-pentanol did not show a significant improvement on the
overall greenness of the methodology (see ESI, Scheme S47).
According to the above considerations, we adopted once again
the acetic acid as liquid assistant of grinding.

The scope of the reaction was studied, and the strategy
showed to be effective for a variety of 2-disubstituted aldehydes
(Scheme 4, indolines 10a-10k). Indoline derivative 10a was iso-
lated in 75% yield over two reaction steps by a short pad of
silica gel. Reasonably good results were obtained using the

to afford free hydrazine

Green Chem., 2022, 24, 4859-4869 | 4865
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Scheme 4 Reaction Scope of Mechanochemical interrupted Fischer indole synthesis. Reaction conditions: 1 (1.0 mmol), 8 (1.1 mmol), oxalic acid
(3.5 mmol), dimethylurea (1.5 mmol) and acetic acid (7 = 0.1 pL mg™) were ball-milled in a 15 mL ZrO, milling jar with 20 milling ball (z = 3 mm,
Mot 6.5 g) of the same material for the given time. Afterwards, the jar was opened, the sodium borohydride (2.0 mmol) was added to the resulting
reaction mixture that was further ball-milled for 60 minutes. ®Isolated yields.

Table 4 Comparison of solution and mechanochemical protocols for
the Fischer synthesis of indoles and indolines

In solution” Mechanochemistry
Compound E-Factor Eco-scale E-Factor Eco-scale
3h 79.9 64.0 42.9 74.0
10b 278.4 45.0 214.3 52.5

“For the Fischer and interrupted Fischer synthesis of indoles and
indolines (in solution), two representative procedures were chosen for
comparison: (i) in the presence of acidic clay as the catalyst for the
indole compounds,” (ii)using acetic acid and sodium triacetoxyboro-
hydride as a reducing agent for the synthesis of indolines.**

unsubstituted phenylhydrazine (Scheme 4, indoline 10b). In
this case, halogens-functionalized phenylhydrazine proved to
be a more challenging substrate even though the reaction pro-
ceeded significantly (Scheme 4, indolines 10d-10f). However,
an outstanding outcome could be performed when using the
1-methyl-1-phenylhydrazine (Scheme 4, indoline 10g). Finally,
2,2-disubstituted aldehyde derivatives bearing a heteroatom as
a part of the ring were well tolerated. More specifically, react-
ing 4-formyltetrahydropyran with 4-methyl-phenylhydrazine
led to indoline derivative 10h in 77% yield. Besides, it was
possible to efficiently prepare the indoline derivative 10i with a
Cbz-protected nitrogen atom in high yield (Scheme 4, 81%
yield). Similar responses were recorded using the racemic
2-methylpentanal (Scheme 4, indoline 10j, 44%) and 2-ethylbu-
tanal (Scheme 4, indoline 10k) as carbonylic partners.

Finally, green metrics were calculated to assess the environ-
mental impact, effectiveness, and sustainability of the devel-
oped procedures (Table 4, for details, see the ESIT). The evalu-
ation of the findings reported in the table pointed out and

4866 | Green Chem., 2022, 24, 4859-4869

further demonstrated the advantages provided by the mechan-
ochemical promoted Fischer (and interrupted Fischer)
process, both in terms of E-factor®®*°° and Eco scale” values.
Going beyond the interesting numerical results of the green
metrics, it is worth emphasizing that this procedure does not
require heating and proceeds at room temperature, preventing
any potential degradation of heat-labile compounds. The pro-
vided methodology allowed to avoid using large amounts of
liquid acids, replaced by the easy-to-handle solid mixture. This
feature is also beneficial in terms of the purification steps,
which are remarkably simplified since there is no need for
solvent switching in the different reaction stages and the
OA-DMU mixture can be removed by water treatment.

Finally, we have investigated the recycling of solid mixture
containing OA and DMU in order to improve the environ-
mental performance of the whole process. The experiments

Table 5 Grinding additive recycling?
Yield (%)
Cycle 4
Cycle 3
Cycle 2
Cycle 1
0 20 40 60 80

“Reaction conditions: 1a (1.0 mmol), 2a (1.1 mmol) and acetic acid (i
= 0.1 uL mg™") were ball-milled with the recycled mixture in a 15 mL
ZrO, milling jar with 20 milling balls (@ = 3 mm, m = 6.5 ) of the
same material for the given time.

This journal is © The Royal Society of Chemistry 2022
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carried out on the model reaction highlighted that the recycled
solid grinding components could be used four times, main-
taining their efficiency (Table 5). However, it is worth pointing
out that the water’s evaporation is a high energy demand
process that should be accurately assessed concerning the
actual advantages provided by the recycling steps.

Conclusions

In summary, we developed an effective mechanochemical pro-
tocol for generating a wide variety of indole- and indoline-
based templates in short times and with high yield using a
mixture of solid oxalic acid and dimethylurea. The number of
examples and the variability of the nature of aldehydes,
ketones and phenylhydrazines successfully converted demon-
strated the broad scope and utility of the proposed method.
Moreover, the newly developed protocol displays the potential
to turn it into a practical coupling point for additional modifi-
cation leading to compounds of pharmaceutical interest.
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