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“When I was a child, I thought of my Delta town as the center of
the universe, but now I know how little I know about the
universe. As a child I thought I was immortal, but now I

recognize how limited a time we all have. As a child success
meant scoring (4) on every exam, but now I take it to mean good
health, close family and friends, achievements in my work and
helping others.”

Ahmed H. Zewail
Egyptian Chemist, the Nobel Prize in Chemistry 1999
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Introduction

Nitrogen-heterocycles are the core frameworks of numerous naturally occurring products,
alkaloids, drugs, and other biologically active compounds.! They also exist as key units in many
functional materials * and, for example, have been intensively studied as basic materials in high-
performance organic field-effect transistors (OFETs), organic light-emitting diodes (OLED), and
organic photovoltaics (OPVs).> Due to the important utility of N-heterocycles, their synthesis has
received great attention. Traditional methods for the synthesis of N-heterocycles are largely based
on anilines because anilines are central building blocks in C—N bond formation.”!® One of the
most efficient ways to obtain anilines is through the reduction of nitroarenes, including
hydrogenation, electrochemical reduction, and hydride-transfer.!!!* In comparison with anilines,
one or more synthetic steps can be saved by directly converting the corresponding nitroaromatics
into N-heterocycles (Scheme 1).'%!> Therefore, the one-pot synthesis of N-heterocycles from
nitroarenes has attracted considerable interest.
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Scheme 1. Representative examples of reductive transformations of nitroarenes.

Nitroarenes as substrates have attracted more attention due to their ready availability in organic
synthesis. They are feedstocks and can be easily constructed by electrophilic aromatic nitration of
arenes,'® many of which are commercially available and inexpensive. Reductive cyclization of
nitroarenes to generate nitrogen-containing compounds by using (super)stoichiometric amount of
1713 or carbon monoxide (CO) **° has previously been developed. However, it has a
conspicuous limitation in the production of a large amount of phosphorus oxide waste or the

phosphines

pressurization required using CO. Thus, it is of great significance to find alternative effective
synthetic methods of N-heterocycles.

Despite that the use of CO as a reductant in the transition metals catalyzed reductive cyclization
reactions of nitroarenes is accompanied by several drawbacks such as the need for strict safety
measures and the use of autoclaves, it remains one of the most effective strategies to synthesize N-
heterocycles for the following reasons:



1. Reduction of nitroarenes is a fundamental and widely used transformation for the
construction of complex and functionalized heterocyclic architectures.

2. CO is cheap compared to other reducing agents except for dihydrogen, which however
affords anilines and not heterocyclic compounds in most cases.

3. The only stoichiometric byproduct is CO>, which spontaneously separates from the
reaction products at the end of the reaction, thus simplifying the workup.

4. Remarkable functional group tolerance in addition to the very high yields in the desired
heterocycles, with the possibility of employing low catalyst loading.?!

To remove the need for autoclaves and pressurized CO lines, different solid or liquid substances
able to liberate CO under the reaction conditions (known as CO surrogates) have been used in
carbonylation reactions. Recently, we introduced the use of formate esters as a cheap, non-, or

little-toxic CO source in the reductive cyclization of different nitroarenes to give N-heterocycles.?>”
26

Consequently, this thesis focuses on the use of phenyl formate and formic acid as efficient CO
sources in the palladium-catalyzed infra-molecular reductive cyclization reactions of o-
nitrostyrenes and f-nitrostyrenes into indoles and 2'-nitrochalcones into 4-quinolones, and the
palladium-catalyzed inter-molecular cyclization reactions of nitroarenes in the presence of diene
into 1,2-oxazines, which in turn could be catalytically transformed into N-arylpyrroles (Scheme
2).
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Scheme 2. Palladium catalyzed reductive cyclization reactions investigated in this thesis.

To turn this kind of reaction into a “general tool” for all the synthetic chemists, all the reactions
were carried out in a pressure tube, a cheap glass equipment easily accessible for all laboratories.



Chapter I:

Reductive Cyclization of Nitrostyrenes to Indoles Using
Formic Acid Derivatives as CO-surrogates.

1. Introduction

Heterocycles containing nitrogen are essential frameworks that widely exist in many
pharmaceuticals and agrochemicals. Therefore, in recent years, the advance of new approaches for
the production of N-heterocycles has become an important consideration for chemists.?’”"* Among
various N-heterocycles, 5S-membered nitrogen containing heterocycles like indoles broadly exist
in agrochemicals,’® pharmaceuticals,>'*> functional materials,*® bioactive compounds ** and
natural products, 3> which puts the indoles among the top 10 of the most important organic
chemistry scaffolds (Fig.1).>? Thus, the functionalization and the production of the indole moiety
have attracted significant consideration from scientists.

Antimitotic
compound
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\ NH,
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Fig. 1. Biologically potent molecules containing indole as a moiety.

Not surprisingly, myriads of synthetic methods were described to access the indole core. However,
many of the well-established indole synthetic methods suffer from harsh reaction conditions,
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limited substrate scope, use of (halogenated) hydrocarbons as solvents or other sustainability
issues.’**” For example, the classical Fischer indole synthesis (FIS) is often performed under
highly acidic refluxing conditions of the pre-condensed phenylhydrazone (Scheme 3).*% The
synthesis of the hazardous phenylhydrazine precursor involves the diazotization of aniline, the
reduction of the resulting diazonium salt with an excess amount of sodium sulfite, and the
hydrolysis of phenylhydrazine sulfonic acid salt with hydrochloric acid, also known as the Fischer
phenylhydrazine synthesis.*’
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Scheme 3. Fischer indole synthesis (FIS).

The production of indoles by infra-molecular reductive cyclization of o-nitrostyrenes was first
reported by Cadogan*®*! and Sundberg'” using triethyl phosphite both as the solvent and the
reductant. These methodologies are widely used in laboratories despite the harsh reaction
conditions (>156 °C). Moreover, these methodologies generate an equal quantity of phosphorus
waste and sometimes lead to decreased product yields because of the formation of N-ethoxyindoles
as byproducts (Scheme 4a).*>* Various approaches have been developed for the synthesis of
indoles. The use of phosphines in metal-catalyzed,*** 3146 or photochemical reactions®’
generates either oxidized phosphines or N-ethoxyindoles, in the case of employing P(OEt)3
(classical Cadogan reaction), as byproducts. Yet, because of the prominence of this protocol,
chemists have developed approaches using environmentally benign reactants as compared to
phosphorous (I1I) reagents. Methods employing stoichiometric metal-containing compounds,*¥-32

3 or silanes **% as

metal-free,

organocatalyzed and transition metal catalyzed reactions using diborane
terminal reductants (Scheme 4b) have been developed. Among the several alternatives to
phosphorous (III) reagents, use of pressurized CO has been considered by numerous groups in
chalcogen °%°7 or metal 2%-°%-% catalyzed reactions (Scheme 4c). In this context, Cenini et al. %
first described a procedure for the production of indoles through intra-molecular cyclization of o-
nitrostyrenes under forcing reaction conditions (80 bar of CO and 220 °C), and employing metal
carbonyl clusters as catalysts.
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Scheme 4. Different routes of reductive cyclization of o-nitrostyrenes and their byproducts.

Among all the previously mentioned classes of reactions that can be employed to produce indoles,
the reductive cyclization of nitrostyrenes by carbon monoxide is one of the most appealing from
this point of view because only CO> is formed as a stoichiometric byproduct and the excess of
reducing agent is easily removed with the produced CO> simply upon venting the autoclave.?!:%>-
57 As a matter of fact, a large variety of bulk '*%® and fine >6°7° chemicals have been prepared
with high efficiency with these systems. A plethora of nitrogen-containing heterocycles have been
prepared by intra-molecular cyclization of suitably ortho-substituted nitroarenes using CO as a
stoichiometric reductant (Scheme 5).
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Scheme 5. /ntra-molecular cyclization reactions of nitroarenes.

It is worth noting that most of the reported reactions for the synthesis of N-heterocycles starting
from organic nitro compounds and CO as the reductant employ suitably substituted o-nitroarenes
as substrates 3%-61:64.71-75
been reported 7*7® (see examples reported in chapter I1I). much less attention has been paid to the
use of nitroalkenes as substrates. Dong was the first to report the use of a-aryl-f-nitrostyrenes as
substrates for the synthesis of indoles by reductive cyclization using CO as the reductant and
employing Pd(II)/Phen as a catalyst.” Our group later extended the range of suitable substrates for
the same reaction 3 and also applied as substrates S-nitrothiophenes, to give thienopyrroles,®! and
nitrodienes, to give pyrroles 2 (Scheme 6).

, although examples of infer-molecular reactions of nitroarenes have also

R2 R2
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R3+ A\ R4 R3mR1 /E\g*R1
ZSN N RSN
H H 3 H

Scheme 6. Reductive cyclization of nitroalkenes.
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Despite the high efficiency of several of these reactions, their use has not spread outside the limited
number of groups that reported them. This is because they generally involve the use of pressurized
CO, requiring safety measures that are not available in most synthetic organic laboratories. This
problem is common even to other carbonylation reactions and in recent years many reagents have
been developed that are able to release CO in-situ, thus avoiding the need for autoclaves and CO
lines.®*%* However, some of these reagents have been employed to deoxygenate nitroarenes, for
example, Mo(CO)s ¥ Co2(CO)s, ¥ triformate ester % or COy/silanes *° (Scheme 4d). The
drawbacks accompanied to the use of surrogates are in some cases the relatively high cost, the
toxicity of some compounds or the formation of undesired coproduct because of their
decomposition. Moreover, in several cases the decomposition of the CO-releasing molecule and
the actual catalytic reaction need to be performed in two separate reactors connected to each other.
Since the reactors should be able to withstand a moderate pressure (a few bars), this fact limits the
scale of the reaction to the available reactors.

Our group has reported that formate esters can be employed as suitable CO releasing substances
in the synthesis of indoles from o-nitrostyrenes,?® for the synthesis of oxazines from nitroarenes
124 Formate
esters are convenient because of their commercial availability, low cost and low toxicity. It has
been demonstrated that alkyl formate could be a successful CO surrogate in the reductive
cyclization of o-nitroarenes. Phenyl formate was found to be more effective than alkyl formates,

allowing lower temperatures to be employed and higher selectivities to be achieved. Moreover,

and conjugated dienes,? and even for the synthesis of carbazoles form o-nitrobipheny

phenyl formate can be activated by weak organic bases, whereas alkyl formates require the use of
strong bases or the addition of a ruthenium catalyst, which makes the catalytic system more
complex. The reactions could be performed in a single glass pressure tube. This equipment is cheap
and available in different sizes. A steel autoclave can also be used, but without the need for
pressurized CO. The optimized reaction conditions for the synthesis of indoles include the use of
Pd(CH3CN):ClLz as catalyst, with 1.10-phenanthroline as ligand, phenyl formate as the CO
releasing agent and triethylamine as the base to activate it in acetonitrile at 140 °C. (Scheme 7).>>%

Rz Pd(CH,CN),Cly 1 mol% Ry
ANy R Phen 2.5 mol% N
Rsm P > Ry D R4
NO, HCO,Ph, Et;N Z N

CH3CN, 140 °C, 3-8 h.
Scheme 7. Optimized catalytic system for the indole synthesis using phenyl formate as CO source.

However, the temperature remains moderately high and leads to low selectivity in the cyclization
of certain substrates especially in the presence of sensitive groups such as an aldehyde or a pyrrole
ring. Consequently, this chapter will concentrate on:

1. Optimizing the reaction conditions to enable the synthesis of indoles via the reductive
cyclization reaction of f-nitrostyrenes using phenyl formate as a CO surrogate.



2. Making further optimization to get indoles from o-nitrostyrenes with a new set of
experimental conditions in the hope that this feature will allow to deal also with very
reactive functional groups on the molecule.

3. Development of suitable experimental conditions to employ formic acid as a CO surrogate
in the reductive cyclization reaction of o-nitrostyrenes. Thus eliminating the problem of
the formation of phenol as a coproduct of phenyl formate decomposition, whose complete

separation was problematic in some cases.’!

2. Results and Discussion

2.1. Pd-catalyzed reductive cyclization of f-nitrostyrenes using phenyl formate

The only previously reported data on the use of formate esters as CO surrogates for the reductive
cyclization of a nitroalkene refers to a single preliminary test on the cyclization of f-methyl-f-
nitrostyrene 1a (Scheme 8) employing Pd(CH3CN),Clo/Phen as catalyst, CH3CN as solvent and
phenyl formate as the CO surrogate 22, Et;N was employed as the base necessary to catalyze the
decomposition of phenyl formate into CO and phenol.

Pd(CH3CN),Cl, 1 mol%

m“o2 Phen 2.5 mol%

HCO,Ph (4.4 eq.), EtsN (0.54 eq.)
CH4CN, 140 °C, 7 h.

Iz /i

1a 2a
41%

Scheme 8. Reductive cyclization of f-methyl-f-nitrostyrene.??

For our preliminary investigations, we took the reductive cyclization reaction of 1a as the model
reaction. The tests were performed in screw-cap thick-walled glass tubes (pressure tubes).

2.1.1. Optimization of the reaction conditions

We first reproduced only the previous experiment (Table 1, entry 1), obtaining similar results (39%
selectivity and 80% conversion vs. 41% selectivity and 100% conversion). The small difference is
attributable to the different experimental apparatus employed in the two cases (see experimental
section for more details). Starting from this test, we changed a series of parameters. By a few
explorative tests, we have found that a larger amount of phenanthroline and base afforded a more
active and stable catalytic system, even though the selectivity in indole was not improved (Table
1, entry 2). The only other tested solvent (Table 1, entries 2—6) that gave results comparable to
CH3;CN was DMF. However, DMF is more toxic and less easy to separate from the reaction
products than CH3CN and we decided not to use it.

Table 1. Optimization of the reaction conditions for the reductive cyclization of f-methyl-f-nitrostyrene 1a
to 2-methylindole 2a.”



NO Pd(CH3CN),Cl, 1 mol%
m 2 Phen 10 mol%
HCO,Ph (4.4 eq.), Base

Solvent, T °C, 7 h.

Iz /i

1a 2a
Entry Base  DRSCAMOUNE b0y Solvent  Convi(%)’  Sel. (%)’  Yield (%)"
(mmol)
1 EGN 029 140  CHiCN 80 39 31
2 Et:N 2.30 140  CH,CN >99 40 40
3 Et:N 2.30 140 THF 85 30 26
4 Et:N 2.30 140 DMF >99 41 41
5 ELN 2.30 140 CeHsCH; 52 12 6
6 Et:N 2.30 140  CH:;OH 85 9 8
74 ; ; 140  CHCN ~0 0 0
8 Et:N 2.30 140  CH,CN 61 0 0
9 Et:N 0.29 120 CHiCN 32 31 10
10 Pyridine 0.29 120 CHiCN <1 <1 ~0
11 Pyridine 0.29 150  CHiCN 17 18 3
12 NaOAc 0.29 120 CHCN 62 17 11
13 NaPO, 0.29 120 CHiCN 78 7 5
14 Et:N 2.30 140 CHi:CN >99 26 26
15 EtN 0.29 140  CH,CN 95 28 27
166  EtN 2.30 140  CH,CN >99 47 47

a: Experimental conditions: 0.54 mmol 1a, 1 mol% Pd(CH3CN),Cl,, 10 mol% Phen, 260 pL. HCO,Ph, in 10 mL of
the indicated solvent, for 7 h; other amounts and conditions as in the table. 0.29 mmol Et;N corresponds to 40 pL.
b: Determined by GC using naphthalene as the internal standard. ¢: 2.5 mol% of Phen. d: No phenyl formate and
no base were added. e: No phenyl formate was added. £ 5 mol% Pd(CH3CN),Cl. g: 350 uL. HCO,Ph.

In order to understand the reasons for the failure in reaching selectivities comparable with those
previously obtained for the same reaction by the use of gaseous CO,”* we investigated the stability
of the starting f-nitrostyrene under the reaction conditions and in the presence of only some of the
reagents. No reaction was observed under typical reaction conditions in the absence of phenyl
formate when only the palladium catalyst and phenanthroline were added (Table 1, entry 7). On
the other hand, when the base was also added in the absence of any formate, a significant 61%
conversion of f-nitrostyrene was observed. A very small amount of benzaldehyde, the product of
a retro-Henry hydrolysis of the reagent, was observed by GC and 'H-NMR. No other
decomposition product was observed by GC analysis, suggesting that they are oligomeric or
polymeric species. -Nitrostyrenes are known to be prone to polymerization by a base-catalyzed
process.” Clearly, a competition is occurring between the cyclization and the decomposition
reaction, with the base accelerating both. Bases different from Et3;N could promote the reaction to
different extent, but they apparently also promoted the alternative decomposition pathways and
the selectivities in indole were always lower (Table 1, entries 9—13). Unfortunately, increasing the
catalyst amount to 5 mol% did not solve the problem (Table 1, entries 14, 15).

9



At this point, it is worth recalling that when gaseous CO was employed as the reductant for the
reductive cyclization of f-substituted-f-nitrostyrenes, high selectivities were only observed at CO
pressures higher than 20 bar (measured at RT).”? Retrospectively, these relatively high pressures
are likely needed to speed-up the reduction reaction with respect to the polymerization, which is
likely insensitive to the CO pressure. Indeed, the only attempt in which the selectivity in indole
could be improved was that performed employing a larger amount of formate (Table 1, entry 16).
However, working with such a large amount of formate is unsafe because in the worst-case
scenario, complete decomposition of the formate and no CO consumption, the total pressure inside
the reaction vessel at the reaction temperature would exceed 10 bar, which is considered as the
safety pressure limit of glass pressure tubes. Thus, we decided not to pursue this strategy anymore.
Although the problem may be solved by performing the reaction in a steel autoclave, this was not
the aim of the present work. The key role of a high CO pressure is also evidenced by the failure to
increase the selectivity of the reaction by increasing the catalyst amount at a fixed formate
concentration.

Since the reductive cyclization of a-aryl-S-nitrostyrenes is faster than that of S-substituted-f-

79,92

nitrostyrenes we then moved to optimizing the reaction conditions for a-phenyl-S-nitrostyrene

1b, keeping in mind the results we obtained in case of 1a (Table 2).

Table 2. Optimization of the reaction conditions for the reductive cyclization of a-phenyl-f-nitrostyrene
1b to 3-phenylindole 2b.”

Ph Pd(CH3CN),Cly Ph

©)\ Phen R @\g
NO, HCO,Ph, EtzN N

CH4CN, T °C, th.

1b 2b

Entry Pd Phen T t(h) EtN (uL) HCO;Ph Conv. Sel. Yield

(mol%) (mol%) (°C) (L) (%) (%)’ (%)
1 1 5 110 3 120 260 >99 84 84
2 1 5 120 3 120 260 >99 87 87
3 1 5 130 3 120 260 >99 90 90
4 1 5 140 3 120 260 >99 92 92
5 1 5 150 3 120 260 >99 77 77
6 1 5 140 3 20 260 >99 84 84
7 1 5 140 3 40 260 >99 85 85
8 1 5 140 3 60 260 >99 87 87
9 1 5 140 3 80 260 >99 88 88
10 1 5 140 3 120 200 97 81 79
11 1 5 140 3 120 350 >99 91 91
12 1 5 140 3 200 350 >99 90 90
13 1 2.5 140 3 120 260 94 85 80
14 1 2.5 140 3 80 260 >99 83 83
15 1 2.5 140 7 40 260 >99 87 87
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16 1 2.5 140 16 40 260 >99 87 87

17 1 10 140 3 120 260 >99 90 90
18 0.5 5 140 3 120 260 >99 78 78
19 0.5 5 140 6 120 260 >99 79 79
20° 2 5 140 3 120 260 >99 90 90
21° 2 5 140 1.5 120 260 >99 90 90
22¢ 1 5 140 3 120 260 >99 88 88
23° 1 5 140 3 120 260 >99 85 85

a: Experimental conditions: 0.54 mmol 1b, in 10 mL CH3CN; other amounts and conditions as in the table. b:
Determined by GC using naphthalene as the internal standard. ¢: Pd-black precipitation was observed after 1
h reaction. d: In DMF (10 mL) as solvent. e: In CH;CN + DMF (9 + 1 mL) as solvent.

The reaction temperature was first optimized (Table 2, entries 1-5 and Fig. 2A). As expected,
based on the reactivity observed under CO pressure, the reaction can be performed even at 110 °C.
However, the selectivity in the formation of the desired indole increases up to 140 °C, after which
a drop is observed. The effect of the amount of base is moderate, but an almost linear increase in
the selectivity is observed at 140 °C on passing from 20 to 120 puL of Et;N (Table 2, entries 4, 6—
9 and Fig. 2B).

Decreasing the phenyl formate amount (Table 2, entry 10 vs. entry 4) led to an incomplete
conversion of the reagent and a lower selectivity in indole, which is not surprising. However,
contrary to what was observed in the case of 1a, even increasing the formate amount (Table 2,
entry 11) did not improve the selectivity. The difference between the two substrates is likely
because whereas the reductive carbonylation of 1a requires pressures in excess of 20 bar to
selectively afford 2a, the corresponding reaction of 1b can be successfully performed at much
lower pressures.”’ Thus, a larger excess of formate is not needed. By working at the larger formate
amount, the effect of a larger amount of base was also tested (Table 2, entry 12), but no
improvement was observed, indicating that 120 puL of Et3N is the best base amount to be added.

95 94
90 92 .
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Fig. 2. Effect of temperature and amount of the base on the reductive cyclization of 1b.

When we reduced the amount of phenanthroline to half (Table 2, entry 13) it led to a less stable
catalytic system, but doubling it (Table 2, entry 17) did not lead to any improvement. At the lowest
ligand amount, the effect of a different base concentration and reaction time was also investigated.
Elongation of the reaction time does not alter the selectivity of the reaction (Table 2, entries 15,
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16). This on one side means that 2b is stable under the reaction conditions; on the other hand, the
lower selectivity with respect to the ideal conditions is not due to the accumulation of a long-lived
intermediate, for example the N-hydroxyindole, which only more slowly converts to the final
product. Halving the amount of catalyst decreases the selectivity, an effect which cannot be
compensated for by increasing reaction time (Table 2, entries 18, 19). On the other hand, when
the amount of catalyst was doubled, the reaction accelerated and was complete in less than one
hour (Table 2, entries 20, 21) as evidenced by the formation of palladium black on the walls of
the reaction tube, but the selectivity was even decreased with respect to that achievable by working
at a 1 mol% catalyst amount. Though the decrease in selectivity is not easily explained, the early
formation of palladium black is a consequence of the reaction ending in a short time. Moreover,
we tested the use of the CH3;CN/DMF (9:1) solvent mixture which afforded a positive effect in the
reductive cyclization of o-nitrostyrenes 2} (see later for details), but in the case of reductive
cyclization of 1b both the use of neat DMF and that of the CH;CN/DMF mixture led to a lower
indole selectivity (Table 2, entries 22, 23).

2.1.2. Substrate scope

With the optimized conditions in our hands, we investigated the reaction scope of the cyclization
(Table 3). The only difference with respect to the optimized conditions was that the reaction time
was increased from three to four hours. To ensure that even less reactive substrates would give
complete conversion under the same set of experimental conditions.

Table 3. Substrate scope of the Pd-catalyzed reductive cyclization reaction of f-nitrostyrens 1 using phenyl
formate as CO source.”

Pd(CH3CN),Cl, 1 mol%

R
R—'\ \\\52 Phen 5 mol% Rt AN \(Rz
1 P No2 1T _ N)
HCO,Ph, EtsN, CH5CN N

1 140 °C, 4 h. 2
Yield
Entry Substrate Product ( ol/eo y
c N d
1 N 43 (47)
1a 2a
&
|
2 O N\ 89 (92)¢
T ;
H
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a: Experimental conditions: 0.54 mmol 1, 1 mol% Pd(CH3CN),Cl,, 5 mol% Phen, 260 uL HCO,Ph, 120 pL Et3N,
140 °C for 4 h, in 10 mL CH3CN. b: Isolated yields. ¢: Experimental conditions: 0.54 mmol 1a, 1 mol%
Pd(CH3CN),Cl, 10 mol% Phen, 350 uLL HCO,Ph, 320 pL Et;N, 140 °C for 7 h, in 10 mL CH3CN. d: GC yield in
parenthesis. e: No product could be isolated.

With respect to the substituent on the aryl rings of a-aryl-f-nitrostyrenes, both electron
withdrawing groups (F, Cl. Table 3, entries 5, 7) and donating (Me, MeO, entries 3, 8) are well
tolerated. The only exception is represented by the very strongly electron donating group
dimethylamino (Table 3, entry 6). This group is often incompatible with this kind of reactions and
had also failed to give the desired product when Mo(CO)s had been used as a CO surrogate %°. The
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result was expected anyway since it has been shown before that the initial reduction of the nitro
compound is an electron transfer from the metal complex to the nitro compound in all of the cases
in which this step has been investigated in detail.**'% As a result, the presence of electron
withdrawing groups close to the nitro group accelerates the reaction while that of electron donating
groups slows it down. In our case, it should also be considered that alkenes with electron
withdrawing groups can coordinate to zerovalent palladium complexes and, specifically, the
coordination of nitrostyrenes to the Pd’(2,9-Me,-4,7-Phy-Phen) moiety has been experimentally
prooven.!% However, this coordination may have led to catalyst stabilization or catalyst
deactivation and these are difficult to analyze without an extensive series of kinetic data. Thus, we
will only discuss the former type of contribution. The potential for a regioselective reaction when
two different aryl rings are present in the substrate is intriguing from a synthetic perspective. Recall
that under the reaction conditions, rotation around the central C=C bond is clearly simple (the
explanation is given later). Despite the fact that they are prepared by a Henry condensation that
selectively affords the compound with the nitro and aryl groups frans with respect to the double
bond, f-alkyl-f-nitrostyrenes was cyclized successfully, both when the reaction is carried out

8081 and when Mo(CO)s was employed.®’ Despite the lower efficiency of the

under a CO pressure
procedure used in this work for this kind of substrates, the same conclusion clearly applies to the
experimental conditions here employed. From a general point of view, the cyclization step involves
an aromatic electrophilic substitution reaction and is easier on an electron rich ring. For instance,
despite the nitro group in the reagent being specifically oriented towards the phenyl ring, the
cyclization of (E)-3-(2-nitropropenyl)thiophene, in which a phenyl and a thiophene ring are in
competition, produced a mixture of products with a 55/40 prevalence of those derived from the
functionalization of the electron-rich thiophene ring.®! In this work, the possible selectivity of the
reaction with respect to the preferentially reacting ring was tested by putting in competition the
couples 4-fluorophenyl-4-methoxyphenyl, chlorophenyl-phenyl, methyl-phenyl (Table 3, entries
4,7,9). However, only moderate regioselectivity was observed and a preferential functionalization
of the most electron rich ring was observed only in one out of three cases. The obtained
regioselectivity does neither match the initial cis-frans ratio in the starting nitroalkenes. This
indicates a more sophisticated reaction mechanism, possibly involving an active role by the metal.
However, data are now insufficient to draw any general conclusion and a dedicated mechanistic
study should be performed to give a final answer to this point.

The reaction is tolerating the presence of both a phenyl ring in the alpha position and methyl group
in the beta position of the styrene (Table 3, entry 10). The better result with respect to that
achievable in the absence of the a-phenyl substituent (Table 3, entry 1) is further evidence that
electronic delocalization effects on both aryl rings of the substrate are the reason for the better
results obtainable when an a-aryl ring is present. The position of the aryl ring is important and
moving it from the alpha to the beta position led to much worse results (Table 3, entries 2, 11).
Given the importance of trifluoromethyl groups in pharmaceutical chemistry, we also cyclized a-
trifluoromethyl-f-nitrostyrene 11. However, no indole could be isolated from the corresponding
cyclization reaction (Table 3, entry 12).
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2.1.3. Reaction mechanism
Although no specific mechanistic study was made during this work, the obtained results are fully
consistent with a scenario analogous to those identified for other related reactions (Scheme 9).

PhOH
EtsN
HCO,Ph —34 co [Pd(Phen)Cly] = [PA(CHsCN);Cl]

+ Phen

1
No2
H

+

y/ [Pd(Phen)(CO), \&

[Pd(Phen)(CO)n]

\ R2
N

R OH

N

Scheme 9. Proposed reaction mechanism of the f-nitrostyrenes reductive cyclization.

[Pd(Phen)(CO),]

Initially, the active catalyst is generated by coordination of phenanthroline to palladium, followed
by reduction of Pd(II) to Pd(0) by the CO evolved by the decomposition of phenyl formate. The
so-formed complex has the ability to activate nitrostyrene by electron transfer. At this point,
rotation around the weakened C=C double bond can occur. We have previously suggested such
possibility based on general orbital considerations,?*>2 however, we recently became aware that
trans-cis isomerization of p-nitrostyrenes has indeed been experimentally observed upon
generation of the corresponding radical anion.!’” Collapse of the radical couple results in the
reduction of the nitro group to nitroso. Electrophilic attack of the nitroso group on the arene then
affords a hydroxyindole. It is not certain if this step occurs outside the coordination sphere of the
metal or if palladium accelerates it. Hydroxyindoles have been observed or even isolated in related
reactions 2!, Reduction of the latter by the palladium-carbonyl complex eventually affords the final
indole with regeneration of the active catalyst.

2.2. Pd-catalyzed reductive cyclization of o-nitrostyrenes
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2.2.1. Phenyl formate as CO source

As mentioned before, our group pioneered the use of formate esters as in situ CO sources in the
catalytic reductive cyclization of o-nitrostyrenes. However, it has been shown that replacing alkyl
formate with phenyl formate gives better selectivities and yields of the desired products, except
for those substrates bearing sensitive functional groups or those with stability issues.?*»*® In light
of the previously published results, we decided to make an extra effort to optimize a new set of
experimental conditions using phenyl formate-based catalytic procedure and apply several
modifications that could allow the reaction to be performed at a lower temperature. Another
objective was to reduce the amount of catalyst to make the process more engaging even from an
industrial point of view. For our preliminary investigations, we took the reductive cyclization
reaction of methyl-2-nitrocinnamate 3a as the model reaction. The tests were performed in screw-
cap thick-walled glass tubes (pressure tubes).

2.2.1.1. Re-optimization of the catalytic system

We initially tested the effect of lowering the catalyst amount when working at 120 °C (Table 4).
Fortunately, the catalyst amount can be decreased to 0.2 mol% essentially without affecting the
results (Table 4, entry 3) and the catalyst is still active even at lower loadings, although with a
decreased performance (Table 4, entries 4-5).

Table 4. Effect of catalyst loading in the Pd-catalyzed reductive cyclization of 3a using phenyl formate as
a CO source.”

Pd(CH3CN),Cl,
X COMe Phen 5 mol% A

> COzMe
NO EtsN, HCO,Ph N

2 H
CH4CN, 120 °C, 3 h.

3a 4a
Entry Catalyst loading (mol%) Conv. (%)’ Sel. (%)° Yield (%)°
1 1 98 >99 97
2 0.33 99 >99 98
3 0.2 99 98 97
4 0.1 97 87 84
5 0.02 27 21 6
6 0.01 3 48° 1

a: Experimental conditions: 0.27 mmol 3a, 5 mol% Phen, 200 uLL HCO»Ph, 40 pL EtsN, CH3CN 10 mL,
at 120 °C for 3 h. b: Determined by GC analysis using biphenyl as the internal standard. ¢: Value affected
by a large experimental error because of the low conversion value.

When we tried to further lower the temperature to 100 °C we faced a problem with the
reproducibility of the reaction. We hypothesize that this may have been due to an insufficient rate
of CO generation. Based on the fact that in our previous study on phenyl formate decomposition
we had demonstrated through kinetic studies that the rate of the decomposition is directly
proportional to the amount of the base,?® we tested the effect of increasing the amount of base
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(Table 5) and found that the use of ~2.5 eq. of EtzN with respect to the substrate (100 pL absolute
amount) not only improved conversion and selectivity but also solved the reproducibility problem.

Table 5. EtsN amount optimization for reactions run at 100 °C.“

Pd(CH3CN),Cl, 1 mol%
X C02Me Phen 5 mol% A

> CO2Me
NO Et;N, HCO,Ph N

2 H
CH4CN, 100 °C, 3 h.

3a 4a
Entry EtN (eq.)’ Conv. (%)° Sel. (%)° Yield (%)°
la 1 77 93 72
1b 1 53 89 47
2a 1.5 87 96 84
2b 1.5 57 92 52
3a 2.5 95 97 92
3b 2.5 93 97 90

a: Reactions labelled as "a" and "b" were run in duplicate to test reproducibility.
Experimental conditions: 0.27 mmol of 1, 1 mol% Pd(CH3CN),Clz, 5 mol% Phen, 200 uL
HCO,Ph, CH3CN 10 mL, at 100 °C for 3 h. b: With respect to 3a. 1 eq. corresponds to 40
pL EtsN. ¢: Determined by GC using biphenyl as the internal standard.

The ligand identity plays a very important role in most catalytic systems and phenanthrolines
substituted with electron-donating substituents afford better results than unsubstituted
phenanthroline in several cases in the field of nitro compounds reduction by CQ.3%8!:82.108.109
Moreover, the ligand-to-metal ratio is also very important and may vary between differently
substituted phenanthrolines.!!%!"" Thus, several experiments were run employing four different
phenanthrolines. High selectivities and conversions were observed with all of the tested ligands
when 1 mol% of Pd(CH3CN)2Clz was used and the reaction was allowed to proceed for three hours
(Table 6, entries 1-4). Nevertheless, shortening the reaction time to two hours revealed a variation
in the obtained results. The conversion of the nitroarene and thus the yield of the reaction increased
in the order 3.,4,7,8-tetramethylphenanthroline < 4,7-dimethylphenanthroline < 4,7-
dimethoxyphenanthroline < Phen (Table 6, entries 5-8) although more donor ligands should
increase the reduction rate of the nitro group. Different ligand ratios of the Phen and 4,7-
dimethoxyphenanthroline were tested employing lower catalyst loading (0.2 mol%) in order to
further elucidate the differences and confirm that Phen is the optimal ligand. However, using at
least 2.5 mol% of Phen was enough to reach a high selectivity but 5 mol% was recommended to
guarantee the stability of the catalytic system (Table 6, entries 9-11). The low conversion (30-
39%) was the only obstacle, despite the high selectivity we observed when 4,7-
dimethoxyphenanthroline was used as the ligand (Table 6, entries 12,13).

Table 6. Effect of ligand identity and ligand amount in the Pd(CH3CN),Cl; catalyzed reductive cyclization
of 3a using phenyl formate as CO source.”
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Pd(CH3CN),Cl,

X CO:Me Ligand N
©\/\/ > mCone
NO, EtsN, HCO,Ph ﬁ
3a CH43CN, 100 °C 4a
Entry Pd Ligand Ligand t Conv. Sel. Yield
(mol%) mol%) (h) (%)’ (%)’ (%)
1 1 Phenanthroline 2.5 3 91 97 88
2 1 4,7-Dimethoxyphenanthroline 2.5 3 91 97 88
3 1 3,4,7,8-Tetramethylphenanthroline 2.5 3 87 97 84
4 1 4,7-Dimethylphenanthroline 2.5 3 87 97 84
5 1 Phenanthroline 2.5 2 84 97 82
6 1 4,7-Dimethoxyphenanthroline 2.5 2 76 97 74
7 1 3,4,7,8-Tetramethylphenanthroline 2.5 2 67 93 62
8 1 4,7-Dimethylphenanthroline 2.5 2 74 93 69
9 0.2 Phenanthroline 1 2 37 88 33
10 0.2 Phenanthroline 2.5 2 62 94 58
11 0.2 Phenanthroline 5 2 60 94 56
12 0.2 4,7-Dimethoxyphenanthroline 2.5 2 30 99 30
13 0.2 4,7-Dimethoxyphenanthroline 5 2 39 97 38

a: Experimental conditions: 0.27 mmol of 3a, 200 pL HCO,Ph, CH3CN 10 mL, 2.5 eq of EtsN, at 100 °C,
other amounts, and conditions as in the table. b: Determined by GC using biphenyl as the internal standard.

In the aim of further improving the selectivity of the whole process, we looked at the possibility
of changing the base and possibly reducing its amount. During our previous work on the reductive
cyclization of o-nitrobiphenyl we have found that inorganic phosphates improve the yields of the

observed carbazole reducing the amount of substituted aniline and other products formed.?* Thus,
we have used different phosphates with inorganic (K3PO4, NazPO4) or organic ([MesN]3[PO4])
counterions in place of EtzN but they all gave worse results in our case (Table 7).

Table 7. Basic promoter screening with 1,10-phenanthroline.”

Pd(CH3CN)>Clz 1 mol%

Phen 5 mol%

©\/\/002Me
NO

2

Base, HCO,Ph

CH3CN, 100 °C, 2 h.

H

- m002Me
N

3a 4a
Entry Ligand Basic Promoter  Conv. (%)”  Sel. (%)’  Yield (%)’

1 Phenanthroline Et;N 63 94 59
2 Phenanthroline K3PO4 17 68 12
3 Phenanthroline Naz;PO4 24 91 22
4 4,7-Dimethoxyphenanthroline Et;N 45 97 44
5 4,7-Dimethoxyphenanthroline K3PO4 19 43 8

6 4,7-Dimethoxyphenanthroline Na3;PO4 21 99 21
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7¢ Phenanthroline [MesN]3[PO4] 10 99 10

8 4,7-Dimethoxyphenanthroline [MesN]3[PO4] 17 45 8
a: Experimental conditions: 0.27 mmol of 3a, 1 mol% Pd(CH3CN),Cl,, 5 mol% Phen, 200 nL. HCO,Ph, CH3CN
10 mL, 2.5 eq of basic promoter, reaction time 2 hours, temperature 100 °C. b: Determined by GC using biphenyl
as the internal standard. ¢: Reaction run at 120 °C for 3 h.

Employing both Phen and 4,7-dimethoxyphenanthroline with all the tested phosphates does not
change the fact that Phen is the best ligand for our reaction since it gave selectivities higher than
the ones obtained using 4,7-dimethoxyphenanthroline in all cases. Overall, it has been observed
that among the phosphates used, Na;PO4 seemed to give the best selectivities despite the lower
conversions, especially in the case of 4,7-dimethoxyphenanthroline (Table 7, entries 1-6). This
may be due to the poor solubility of the inorganic bases in CH3CN at 100 °C. In order to address
this issue, we investigated the possibility of changing the counterion to (NMes)" instead of alkali
metal, accompanied by increasing both temperature and reaction time. However, no tangible
positive effect was observed (Table 7, entries 7, 8).

On the other hand, during our attempts to better solubilize the used inorganic basic promoters in
the reaction mixture using DMF as a solvent or co-solvent we found an unexpected solvent effect
(Table 8). DMF as the solvent is clearly inferior to neat CH3CN as a reaction medium (Table 8,
entries 1 and 6). However, lower amounts of DMF in CH3CN can be highly beneficial on the
reaction rate, with 1 mL DMF allowing an increase in conversion from 60% in neat CH3CN to
92% in the 9:1 CH3CN/DMF mixture. The selectivity in indole was less sensitive to the reaction
medium, but the best result was again obtained at the 9:1 ratio. It may be noted that DMF was the
ideal solvent under the reaction conditions reported by Davies for the same cyclization, but with
gaseous CO.%?

Table 8. Effect of DMF addition in the Pd(CH3CN),Cl, catalyzed reductive cyclization of 3a using phenyl
formate as CO source.”

Pd(CH3CN),Cl, 0.2 mol%
X CO2Me Phen 5 mol% A
> COzMe
NO EtsN, HCO,Ph N

2 H
Solvent, 100 °C, 2 h,

3a 4a
Entry DMF Vol(mL)  Conv. (%)’  Sel. (%)’  Yield (%)’
1 10 25 86 22
2 2 48 93 45
3 1 92 97 89
4 0.5 86 97 83
5 0.1 60 95 57
6 0 60 94 56
7¢ 1 15 92 14

a: Experimental conditions: 0.27 mmol of 3a, 0.2 mol% Pd(CH3CN),Cl,, 5 mol%
Phen, 200 uL. HCO,Ph, 2.5 eq. of EtsN, at 100 °C in CH3CN + DMF (total volume

20



10 mL), for 2 h. b: Determined by GC using biphenyl as the internal standard. ¢:
NasPO4 was employed as a base in place of Et;N.

Additional experiments were also performed at lower temperatures (80 °C and 60 °C). Full
conversion and virtually quantitative selectivity could still be obtained at 80 °C, but the catalyst
loading had to be increased to 1 mol% and 5 eq. of EtsN were necessary to decompose phenyl
formate at an acceptable rate (Table 9). Thus, we decided not to develop these reaction conditions
any further. However, working at less than 100 °C is clearly possible if the stability of the substrate
or product requires it.

Table 9. Explorative experiments at lower temperatures. *
Pd(CH3CN),Cl;

X CO:Me Phen 5 mol% A
- CO,Me
NO EtsN, HCO,Ph N

2

3a CH3CN/DMF (9:1), T °C 4";

Entry Pd(mol%) Et:N(eq) T(CC) t(h) Conv. (%)’ Sel. (%)"  Yield (%)°
1° 1 2.5 80 2 20 91 18
2¢ 0.2 2.5 80 2 6 90? 5
3¢ 1 2.5 80 6 79 94 74
4 1 5 80 6 98 99 97
5 1 2.5 80 6 85 91 77
6 0.2 5 80 6 58 93 54
7 0.2 5 80 3 29 91 26
8 1 2.5 60 6 12 98 12
9 1 5 60 6 32 92 29

a: Experimental conditions: 0.27 mmol 3a, Pd(CH3CN),Cl,, 5 mol% Phen, 200 pL. HCO,Ph, Et;N in
CH;3;CN/DMF (9:1, total volume 10 mL), other amounts and conditions as in the table. b: Determined by GC
using biphenyl as the internal standard. ¢: CH3CN was used as the solvent (10 mL). d: Value affected by a large
experimental error because of the low conversion value.

The eftect of the level of filling of the tube or flask used to perform the reaction, which influences
the headspace volume, is almost never studied in the literature on CO surrogates. As a matter of
fact, neither traditional reactions nor autoclave reactions, where the gaseous reagent is usually
present in a large molar excess or is continuously refilled, are affected by this parameter. However,
in the case of reactions in which CO is produced, the headspace volume can play an important
role. In fact, one must take into account that in this reaction, CO is generated directly in the liquid
phase, but can later escape into the gas phase and then reenter the liquid phase from the latter. As
demonstrated by our group before,>%° the reaction proceeds much more slowly and stops long
before the initial nitro compound is completely consumed when it is run in a conventional Schlenk
flask connected to a dinitrogen line. This observation shows that some of the released CO may be

captured by the palladium catalyst while it is still in the liquid phase, but under these
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circumstances, most of it escapes into the gas phase and is only marginally, if at all, recaptured.

Likely, performing the same reaction in a closed vessel of large volume would produce a similar

outcome.
Overall, one must consider that different and competing effects arise when decreasing the solvent
amount keeping other reaction parameters constant:

1.

The concentration of the solution will increase as the solvent is reduced, and this should
improve at least the reaction rate. This eventually might have, in some cases, also a negative
effect increasing the formation of byproducts or the rate of catalyst deactivation (i.e. Pd-
black formation).

The corresponding increase of the headspace volume will result in a lower average CO
pressure during the reaction and a less effective CO utilization. This may slow down the
reaction and possibly also cause the deactivation of the catalyst or the onset of competing
reactions that do not use CO (e.g. the Heck reaction in the current scenario when substrates
with aryl bromide moieties are used).

Increasing the solvent amount should have the opposite effect, but much caution should be
exerted in not leaving a too small headspace volume because this may cause the onset of a
too high pressure and the explosion of the glass vessel. The maximum amount of phenyl
formate we employed was chosen so that even in the worst scenario, i.e. complete
decomposition of the formate with no consumption of the produced CO, the pressure inside
the tube would not exceed 10 bar even at the highest temperature.

Obviously, a strong dependency of the reaction outcome on the solvent and vessel volumes would

detract from the general applicability of our protocol. Therefore, we tested the effect of decreasing
the solvent amount (Fig. 3).

120
uConv. (%)

100 90 u Sel. (%)

10 mL 5mL 2.5mL
Volume of CH3sCN

Fig. 3. Effect of decreasing the solvent amount. Reaction conditions: 0.27 mmol 3a, 0.2 mol%
Pd(CH3CN),Clz, 5 mol% Phen, 200 uL. HCO,Ph, 2.5 eq. of Et;N, at 100 °C for 2 h. Reactions were
performed into heavy-wall glass tubes. Conversion and selectivity were determined by GC using biphenyl
as the internal standard.
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The optimized protocol tolerates quite large variations in the solvent and headspace volumes
without impairing the outcome of the reaction, as evidenced by the small, if not negligible, effects
of reducing the solvent from 10 to 5 and even 2.5 mL (resulting in an increase of the headspace
from 13 to 18 and 20.5 mL respectively).

During the work using phenyl formate, we found that in a few cases the co-produced phenol might
be annoying to separate by column chromatography from the product. Aiming to overcome the
aforementioned problems, we decided to develop a protocol based on the use of reagents that are
typically available in all synthetic laboratories.

2.2.2. Formic Acid as CO source

In terms of cost, availability and atom-economy, formic acid,''*!'' is one of the most convenient
molecules. In our continued efforts to explore the use of efficient CO surrogates, in this section we
describe a modified method for the synthesis of indoles by reductive cyclization of o-nitrostyrenes
that makes use of formic acid (FA) as the source of the reductant that can be performed in cheap
reactors. However, for our reaction, the use of FA must be accompanied with acetic anhydride to
be able to liberate the CO in situ. The use of this mixture, from which the mixed anhydride is
generated in situ, not only avoids the coproduction of phenol but also saves a synthetic step and
improves the atom economy of the full process because phenyl formate is itself prepared by the
reaction of phenol with an excess of HCOH/Ac>O (see experimental section).

2.2.2.1. Optimization of the reaction conditions

The preliminary tests were performed using HCO2H as the CO source in the presence of 1 mol%
of PA(CH3CN):Cl> and 5 mol% of phenanthroline as the catalyst system under conditions
previously discussed for the same reaction using phenyl formates as the CO surrogate. Despite the
fact that HCO,H can decompose under acidic conditions to CO and H>O without the need of an
activator under relatively mild conditions,''*!'-!!% an activator is needed in most cases.!'* Acetic
anhydride is particularly convenient because it reacts with HCO2H even at room temperatures to
generate the mixed acetic formic anhydride and release CO affording acetic acid as the only
byproduct.'?® Attracted by the possibility of using a solid source of the formate fragment, some
preliminary tests were performed using formate salts (Table 10, entries 1-4) in combination with
acetic anhydride. All tests led to low indole yields regardless of the temperature, reaction time and
presence of further base. Using a 1:1 ratio of FA and Ac,0 in a 4.4-fold excess with respect to 3a
under the experimental conditions previously employed with phenyl formate led to a fair yield of
indole 4a (Table 10, entry 5). In all successful reactions, the presence of a base was necessary to
ensure a fast release of CO, which in fact starts even at room temperature. EtzN was the base of
choice due to its low cost, low toxicity, and easy separation (b.p. 89°C). The amount of base could
be decreased with respect to those of FA and Ac>O, but a less selective reaction was observed when
it was lowered under 2 equivalents with respect to the substrate (Table 10, entries 6-9). Even if in
a few previous literature reports AcoO has been used as a catalytic activator,!?*!2!
halving its amount led to lower yields (<50%). The cyclization reaction is fast and affords high

in our case
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yields between 140 °C and 110 °C, whereas it becomes less selective when the temperature is
further lowered. Fortunately, the amount of FA/Ac,O/Et3N, and thus of released CO, needed for
an effective cyclization is only in slight excess with respect to the 2 equivalents required by the
stoichiometry of the reaction (Table 10, entry 16).

Table 10. Optimization of the reaction conditions for the reductive cyclization of methyl 2-nitrocinnamate
3a to methyl 2-indolecarboxylate 4a using FA as the CO source.”
Pd-cat

©\/\/002Me Phen 5 mol% m
- COsMe
NO- HCO,H/AC,0, Et;N N
3a Solvent, T °C, t h. 4a
Entry FA/Ac;O/Et;N Solvent t(h) T (CC) Conv. (%)’ Sel (%)’ Yield (%)’
to 3a mol ratio

1¢ 4.4/4.4/0 CH3;CN 20 100 4 13 <1
2¢ 4.4/4.4/0 CH;CN 6 140 <1 >0 <1
34 4.4/4.4/0 CH3;CN 6 120 8 38 3
44 3/3/0.2 CH;CN 6 120 3 94 3
5 4.4/4.4/4 4 CH3;CN 4 100 86 74 64
6 4/4/4 CH3;CN 6 120 100 87 87
7 4/4/2 CH3;CN 6 120 100 88 88
8 4/4/1 CH3;CN 6 120 100 69 69
9 3/3/3 CH3;CN 6 120 100 92 92
10 2.1/2.1/2.1 CH3;CN 6 120 90 81 73
11 3/3/3 CH3;CN 4 140 100 89 89
12 3/3/3 CH3;CN 8 100 84 85 71
13 3/3/3 CH;CN/DMF¢ 8 100 95 83 79
14 3/3/3 CH3;CN 10 100 91 85 77
15 3/3/3 CH3;CN 8 110 100 91 91
16 2.5/2.5/2.5 CH3;CN 8 110 100 91 91
17 2.5/2.5/2.5 CH3;CN 8 110 82 93 76
18 2.5/2.5/2.5 Acetone 8 110 100 94 94
19/ 2.5/2.5/2.5 MEK? 8 110 100 89 89
20/ 2.5/2.5/2.5 EtOAc 8 110 54 61 33
2150 2.5/2.5/2.5 Acetone 8 110 100 94 94
221 2.5/2.5/2.5 Acetone 8 110 100 93 93
234 2.5/2.5/2.5 Acetone 10 110 100 93 93
245k 2.5/25/2.5 Acetone 10 110 100 94 94
255! 2.5/2.5/0 Acetone 10 110 55 24 13

a: Experimental conditions: 0.5 mmol 3a, 1 mol% Pd(CH3CN).Cl,, 5 mol% Phen, FA,Ac,0, Et;N, solvent 10
mL. b: Determined by GC using biphenyl as the internal standard. ¢: HCO,NH4 was used in place of FA. d:
HCO;Na was used in place of FA. e: CH3CN/DMF ratio 9:1. f: 0.5 mol% of Pd(CH3CN),Cl,. g: MEK = methyl
ethyl ketone. h: Deoxygenated, but undried, solvent was used. i: 0.5 mol% of Pd(acac), instead of
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Pd(CH3CN),Cl,. j: Aqueous FA (85 wt%) was used. k: The reaction was assembled in the air. /: Aqueous
ammonia (25 wt%, 25 uL) was used.

Further optimization of the catalytic system concerned the solvent. Although reductive cyclization
of nitro compounds to heterocycles is known to perform better in DMF or CH3CN, both solvents
122 and DMF has a high boiling point that makes its evaporation difficult.
Looking for an alternative, using a 0.5 mol% Pd loading to better evidence the different
performances, we found that employing acetone as the solvent ensures a higher yield by both
accelerating the reaction rate and increasing the selectivity towards indole, even if it is not dried
before use (Table 10, entries 18, 21). Triggered by this unexpected water tolerance, we tested 85
wt% aqueous FA instead of the one with 99% purity, obtaining virtually the same yield (Table 10,
entry 23).

Having an optimized set of reaction conditions to perform the reductive cyclization of the
substrates in our hands, we started to explore the reactivity of different o-nitrostyrenes.
Disappointingly, when those conditions were employed in the cyclization of methyl 4-bromo-2-
nitrocinnamate 3b precipitation of palladium black, which typically only happens as complete
conversion of the nitro compound approaches, occurred before full conversion (77% after 10h).
Indeed, deactivation of the catalyst could be visually detected after a few hours from the start of
the reaction indicating a low stability of the catalytic system. The use of a pre-catalyst containing
a chelating anionic ligand such as Pd(acac), instead of Pd(CH3CN),Cl» was sufficient to stabilize
the catalytic system and avoid early palladium black formation (Table 10, entry 22 and Table 11,

are expensive and toxic,

entry 2). Moreover, the system was also stable to dioxygen, which allow us to set up the reaction
in the air (Table 10, entry 24). On the contrary, a strict exclusion of dioxygen was necessary when
phenyl formate was used as the CO source.

2.2.3. Substrate scope

With the optimized conditions in our hands, we started to investigate the reactivity of different o-
nitrostyrenes in the presence of phenyl formate (Conditions A) or formic acid (Conditions B)
(Table 11). The reductive cyclization of o-nitrostyrenes using gaseous CO as the reductant was
already reported to be tolerant of a large number of substituents,>%* however, the use of phenyl
formate as the CO source allows to perform the reaction under milder reaction conditions and
yields that, in most cases, are higher than those obtained using gaseous CO. However, the presence
of the highly reactive Ac20 and FA does not allow to take for granted the extension of the tolerance
of the reaction to the present method. Fortunately, in most cases, the cyclization of the substrates
into indoles took place in yields comparable to or better than those obtained using HCO2Ph as the
CO source. It is worth mentioning that we have been focusing on those substrates that either had
not given high yields or had failed at all to give an isolable product under previously reported
conditions using phenyl formate and the same catalytic system (Scheme 7).2¢ Furthermore several
new substrates were also explored. In the case of phenyl formate, to ensure that even less reactive
substrates would give complete conversion under the same set of experimental conditions, a 1
mol% of Pd-catalyst loading was employed and the reaction time increased to 6 h.
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Table 11. Substrate scope of the Pd-catalyzed reductive cyclization reaction of o-nitrostyrens using phenyl
formate or formic acid as CO source.”

R
A \/\\2 Conditions N 2 R2
Rio _ > Ry 7
NO; AorB Z N
3 a
Yield (%)
Entry Substrate Product Ref A B
(26)°
A COQMG \
1 N
NO, N 95 (99)° 93
3a 4a
CO5Me
2 Br NO, Br N 20 (80)¢
3b 4b
CO,Me
3 NO, N 96 83
3c 4c
CO,Et
©\/\V 2 VH—Cogkt
4 NO, H 92 95
3d 4d
CO,Me CO,Me
A\
NO, N
3e 4e
\ g A\
6 O N O 95 92
NO, H
E-3f af
J a,
7 = O ” 96
NO, af
Z-3f
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Me
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81

84

91/

61

90/
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Br
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MezN N02

0]
30 O Q 89
3ab 4ab
o) MeO O
MeO NN O b
a | UL T a 76
NO, F dac
3ac F
(0]
™
2 | CTC ”
NO, OMe
3ad
(0]
D
33 // 85
NO, ©
Jae
0
N N
34 73 91 95
NO,
3af
35 NO, T ey
3ag
©\/\/\0Ac N\
36 NO, H OAc =€ =€ 70¢
3ah 4ah
X _CHO
37 NO, ” 50 65 20
3ai 4ai

a: Isolated yields unless otherwise noted, Experimental conditions: Conditions A: 0.54 mmol of 3, 1 mol%
Pd(CH3CN),Clz, 5 mol% Phen, 260 pL (2.38 mmol) HCO,Ph, 100 pL (0.72 mmol) Et;N, in CH3CN + DMF (9+1
mL), at 100 °C for 6 h. Conditions B: 0.5 mmol of 3, 0.5 mol% Pd(acac),, 5 mol% Phen, FA (1.25 mmol), Ac,O
(1.25 mmol), EtsN (1.25 mmol) in 10 mL of acetone, for 10 h. Reactions were performed into heavy-wall glass
tubes b: Previously reported reaction conditions: 0.54 mmol of 3, 1 mol% Pd(CH3CN),Cl,, 2.5 mol% Phen, 240
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pL (2.2 mmol) HCO,Ph, 40 pL (0.29 mmol) Et;N, in CH3CN (10 mL), 140 °C for 3 h (see Scheme 5). ¢: GC yield
in parentheses (using biphenyl as the internal standard). d: Pd(CH3CN),Cl, (1 mol%) was used as the pre-catalyst.
e: Complex mixture of products was observed f: Reaction time = 16 h. g: Acetylation of the -OH group was
detected. Value in parentheses refers to the overall yield of cyclized products. A: half of the mmol of 3u or 3v was
used to keep constant the concentration of the nitro groups. Z: 1 mol% of Pd(acac), was used.

We have tested the reactivity of a wide range of nitrostyrenes as 2-nitrocinnamates (Table 11,
entries 1-4), 2-nitrostilbenes (Table 11, entries 6-24) and 2-nitrochalcones (Table 11, entries 25-
33). In most cases the substrates were cyclized to the corresponding indoles in good to excellent
yields, regardless of the presence of electron donating group (Table 11, entries 3, 8, 12, 16, 29, 30
and 31), electron withdrawing group (Table 11, entries 2, 10, 11, 21, 26-28) or electron poor
heterocycle (Table 11, entry 20) on the ring bearing the nitro group. The new re-optimized reaction
conditions (A) and formic acid conditions (B) finally constitute a marked improvement and
allowed us to get higher yields of the desired indoles in all cases in which a comparison with first
conditions was made. Starting with indoles 4a-d, which we get it in an excellent yield. Moving to
the ester group to the alpha position of the starting nitrostyrene 3e leads to a less satisfactory yield.
This is the only substrate among those tested for which markedly better results have been
previously obtained by using gaseous CO, albeit with much higher catalyst loadings (10-12
mol%).**!23 The fact that the yield did not increase when the reaction time was prolonged shows
that the catalyst deactivates before the reaction is finished.

On the other hand, the cyclization of different nitrostilbenes to get 2-phenyl indole derivatives was
of great interest. A mixture of E/Z-3f (Z:E = 2:1) was previously cyclized successfully using
phenyl formate as a CO source to give 4f in 90%,2° however, better yields and complete
conversions were observed in our case employing the separate isomers. Interestingly, under
conditions A, if the reactions in entries 6 and 7 were run for just 3 h instead of 6, a 64 % conversion
of E-3f was observed, but the conversion of Z-3f was just 29%. This parallels the lower reactivity
of Z isomer with respect to the £ one already observed and discussed before in the literature for
the [Pd(Phen):][BF4]2/Rus(CO)12/Phen catalytic system with n-butyl formate.>>*¢ However, at
variance with the results obtained at 180 °C (when butyl formate used in place of phenyl formate),
no isomerized nitrostilbene was detected in the unreacted substrate, confirming that the previously
observed nitrostilbene isomerization was due to the high temperature only. This observation also
has a mechanistic implication. If any isomerization of nitrostilbene had been observed even at a
temperature low enough that a thermal process can be excluded, this would have implied that the
initial nitroarene activation was reversible. That no isomerization of the starting material is
observed whereas isomerization clearly occurs during the cyclization is a clear proof that the initial
substrate activation by the catalyst is irreversible. Despite the fact that electron-donating groups
on the aryl ring are known to deactivate the nitro group in these reactions, good to excellent results
could be obtained not only in the presence of the mildly electron-donating methyl group 3g, but
even in the presence of two methoxy groups 3k or dimethylamino 30. Additionally, the presence
of a substituent in the second position ortho to the nitro group also blocked the reaction (Table 11,
entry 9). The sensitivity of this kind of cyclization to steric hindrance in this position is a known
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problem % and unfortunately our strategy did not solve it. Nitrostilbenes substituted with electron-
withdrawing groups 3i and 3j gave excellent results, but the case of 3i is especially captivating.
Two nitro groups are present on the substrate and the one in the para position with respect to the
vinyl substituent should be the most reactive for steric reasons. Indeed, when 2,4-dinitrotoluene is
carbonylated to the corresponding methyl dicarbamate by Pd/Phen catalysts and the reaction is
stopped before completion, the nitro group in the position 4 is carbonylated to a quite larger extent
than that in the position 2 over a range of experimental conditions.!>* The fact that in the present
case the reactions proceeds selectively on the ortho nitro group supports the previous proposal that
the olefin groups may coordinate to palladium before the reduction occurs, facilitating and
addressing the reaction.?!"*> However, when formic acid was employed as the CO source, the
cyclization of 3i became less selective, though still favored over the reduction of the nitro group
in the para position, and the reaction is not sensitive to air, although it is also slower. These
observations point to a different resting state of the catalytic system and to a lower importance of
the olefin-coordinated complex as an intermediate. Whether the latter is formed anyway or not will
require a more detailed mechanistic study, which is in progress in our laboratories. Worth noting,
the dioxolo substituted stilbene afforded the corresponding indole 41 in higher yield when formic
acid was used compared to phenyl formate conditions.

The only substrates for which our reaction failed to give clean isolable products under conditions
A are those containing a phenolic 3m or free amino 3n groups and those in which the double bond
is part of an allylic alcohol 3ag or allylic acetate 3ah moiety. The formation of a mixture of
compounds in the case of 3n may be due to the easy reaction of anilines with nitroarenes in the
presence of Pd/Phen catalysts and CO to give diarylureas.'?> Indole 4n may however be easily

obtained by reduction of 4i %6

and this indirect route is preferable anyway. In fact, preparation of
the starting 3n following the only published procedure '?’

whereas synthesis of 3i can be easily performed by reacting dinitrotoluene with benzaldehyde in

proceeded in our hands in poor yields,

the presence of a base and the reagents are very cheap and readily available (see experimental
section of details). Allylic acetates are typical substrates for the generation of m-allyl complexes,
and this is the probable entry to different reactions for 3ah. Activation of allylic alcohols is usually
more difficult, but, on the other hand, alcohols can enter a carbonylation reaction of nitroarene to
give carbamates, a reaction that is again very efficiently catalyzed by Pd/Phen complexes.'?$130 It
is worth noting that these compounds are very difficult substrates for this kind of reaction.
However, cyclization of 3m to 4m or 3n to 4n has never been reported by any means, whereas that
of 3ag to 4ag and 3ah to 4ah has been reported in just one case to occur with CO and a rhodium
catalyst in low yields (11 and 26% respectively) despite the use of a high rhodium loading (10
mol%).** Swimmingly, 3m, 3ag and 3ah were cyclized to the corresponding indoles when
conditions B were applied, resulting in the formation of the acetylated indole as an extra product
in the cases of 3m and 3ag. Indoles having a cyano group in position 2 and an aryl group in position
3, 4p-q, were obtained in excellent yield independently of the presence of electron-withdrawing
or donating groups on the aryl ring. When a sensitive pyrrole ring was present in place of the aryl
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ring, 4r, the yield markedly improved under both conditions A and B compared to the previous
one.?¢

The presence of the nitro group attached to the electron-poor heterocyclic pyridine ring, 3s, or the
presence of the pyridine ring in position f of the double bond, 3t, afforded the corresponding
indoles, 4s, and 4t, in high yields, even when a double cyclization was involved (Table 11, entry
24). When the double cyclization of a non-symmetrically substituted conjugated diene was
attempted under conditions A (Table 11, entries 22 and 23), after the standard 6 h reaction time,
the main product, 4u’, was isolated in a 61 % yield with a selective cyclization on the cyano-
substituted side. The recovered unreacted diene accounted for the rest of the mass balance. The
doubly cyclized bis-indole, 4u'', could be obtained in high yield by increasing the reaction time to
16 h. It is worth mentioning that the product was isolated by simple precipitation from the reaction
mixture. A few double cyclizations of non-symmetrically substituted bis-(2-nitrophenyl)dienes to
give 2-2' indoles have been reported in the literature,”® but the reactions were always run to
complete conversion of the starting dinitro compound. That the reaction is easier on the side of the
cyano-substituted olefin is not surprising, recalling the results we obtained when 3p and 3q were
cyclized and the observation that the reactivity difference is large enough to allow for a selective
mono-cyclization is, to the best of our knowledge, an unprecedented observation. This scenario
opens the door for subsequent reactions in which the unreacted nitro group is converted into
different functionalities, such as an amino or imino group.

Since 2-aroyl indoles are ubiquitously found in numerous natural products and biologically
anticancer active compounds,'*""!3? the cyclization of 2-nitrochalcones caught our interest.
Cyclization of 2-nitrochalcones (3w-ae) afforded selectively 2-aroyl indoles in high yields. We did
not detect any formation of the corresponding quinoline that was a major side product in several

9] 60,133-135 136

cases in which either C or triethyl phosphite "°° as the reductants were employed for

effecting the cyclization.

Gratefully, higher yields could be reached under the current conditions A or B compared to the
previous conditions in the case of amide 3af. Although the formic acid strategy is quite general
and leads to high yields in most cases, a poor yield was obtained in the cyclization of 2-
nitrocinnamaldehyde, 3ai. The use of phenyl formate was indeed more effective in this case,
allowing the isolation of indole 4ai in 65% yield. Unfortunately, increasing the catalyst loading to
1 mol% did not improve the yield (26%).

In order to get an 2,3-unsubstituted indole, we have cyclized trans-f-dimethylamino-2-
nitrostyrene 3aj under conditions B, which was expected to yield either 2-dimethylaminoindole
4aj or, more likely, unsubstituted indole.'*” A complex mixture of products was observed in which
the unsubstituted indole was present only in traces (Scheme 10).
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NO, FA/Ac,O/Et3N (2.5 eq.) )
3aj Acetone, 110 °C, 10 h. 6‘@,[/ A\
S Complex mixture + N traces

H

Scheme 10. Catalytic reductive cyclization of 3aj using formic acid as a CO source.

More interestingly, a gram-scale reaction was conducted using a Z/E mixture (2:1 ratio) of 2-
nitrostilbene 3f (2.0 g, 8.9 mmol) employing phenyl formate or formic acid conditions (Scheme
11). Modifications consisted of the use of less amount of the required solvent (Conditions A: 45+5
mL CH3CN/DMF, 5-fold increase. Conditions B: 88 mL acetone, 8.8-fold increase) and the
elongation of the reaction time to ensure the complete conversion. However, since the
chromatographic isolation of a multi-gram amount of product is expensive and time-consuming,
the mixture was filtered over celite to remove the metallic palladium precipitated at full conversion
and the indole was isolated by precipitation with water and filtration (see experimental section for
details). The product was isolated in almost the same yield as that obtained by the 0.5 mmol scale
reaction. It is worth noting that decreasing the catalyst loading (0.5 mol% of Pd(CH3CN),Cl> was
used instead of 1 mol% under conditions A) or even the workup at the end of the reaction did not
affect the yield of the observed indole, which indeed strongly supports the utility of our protocol.

Conditions A:
Pd(CH3CN),Cl, 0.5 mol%
Phen 5 mol%

HCO,Ph, EtsN
CHsCN/DMF (9:1, 50 mL)
100 °C, 8 h.

E/Z-3f Conditions B: af

Pd(acac), 0.5 mol%
(2 g, 8.9 mmol) Phen25 mol% ’

\

(1.63 g, 8.4 mmol, 96%)

o
NO

2

Iz /E

(1.54 g, 8.0 mmol, 90%)

\J

FA/Ac,O/EtzN (2.5 eq.)
Acetone (88 mL), 110 °C, 12 h.

Scheme 11. Large-scale synthesis of 2-phenylindole 4f.

3. Synthesis of the starting nitrostyrenes
3.1. Synthesis of f-nitrostyrenes

Since one of our lofty goals is to make the catalytic reductive cyclization reaction using CO as a
reductant a general tool for all synthetic chemists, we have used different synthetic procedures for
our starting f-nitrostyrenes.
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Diaryl nitroalkenes 1d-j were generated from their corresponding benzophenone derivatives via a
straightforward two-step sequence, following a previously reported procedure " (Scheme 12,
paths A) or through the Wittig-Olefination reaction followed by nitration'*!** (Scheme 12, path
B). Nitroalkene 11 synthesis was effected from a simple single-step Henry reaction'*’ (Scheme 12,
path C).

Ar
A LIHMDS Ar MeNO,
- . — > Ar AN
Ar NSiMe; NO,
AR B RPhP'X A - t-BUONO Ar
- “ _
x_R (R=alkyl or H)
A0 AT TEMPO  Ar
NO,
R
Cc MeNO, )\
> X (R=CFjy)
Et;N Ar
NO,

Scheme 12. Synthesis of S-nitrostyrenes starting from the corresponding ketones.

3.2. Synthesis of o-nitrostyrenes

Most of o-nitrostyrenes are commercially unavailable, however, we used different protocols to get
the desired o-nitrostyrenes starting from commercially available compounds that already bear the
nitro group.

To prepare the o-nitrocinnmate esters, it is always easy to perform a classical esterification of
commercially available (E)-2-nitrocinnamic acid using the alcohol and a suitable acid (Scheme
13, path A).'*! Additionally, Heck-Matsuda cross-coupling reaction also affords the cinnamate
esters successfully (Scheme 13, path B), a reaction very convenient when the aryl ring bears some

substituents, since the corresponding acids are not commercially available in these cases.'*?

HoN
NO Ri=H, R;= Me/Et R, NO [Pd] O:N R

2 2

’
R+= Br, Me

Scheme 13. Preparation of o-nitrocinnamates.

Moving to the nitrostilbenes, they have been prepared by several routes as the classical Wittig
reaction (Scheme 14, path A),'*1%> modified Heck-Matsuda reaction (Scheme 14, path B),!*¢ or

other simple classical condensation reactions (Scheme 14, paths C and D).!47:148
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Scheme 14. Different routes for o-nitrostilbenes preparation.
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N
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A solvent-free Claisen-Schmidt condensation have been used to synthesize 2-nitrochalcone
derivatives in good yields,'
nitrostyrenes that bearing pyridine ring '*° (Scheme 15).

while a Knoevenagel-type condensation was employed to synthesize

| N
F NNy | o)
N
N 0
NO \ —R
3t R _' 1
' = Ri _ | _ R2
Ry=H NO2  NaOH, K,CO5 NO,
X
»
N

NO, O,N

3v

Scheme 15. Use of o-nitrobenzaldehyde for the synthesis of different o-nitrostyrenes.

Besides being employed as a substrate for the catalytic reaction, o-nitrocinnamaldehyde 3ai was
also used to get other substrates. A simple reduction of the aldehyde group followed by an
acetylation of the formed alcohol afford 3ag and 3ah respectively (Scheme 16, path A).%
Knoevenagel-type condensation was used to get 3u successfully (Scheme 16, path B).2%2¢

N
A NaBH, @(\/\OH Ac,0, Py W OAc
- —_—

N NO, NO,
WO 3ag 3ah

NO, CN O

3ai B_Pyrrolidine O XX

N02 3u

Scheme 16. Preparation of 3ag, 3ah and 3u starting from 3ai.
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In addition, Knoevenagel-type condensations were further used for the preparation of
nitrostyrilpyridine 3s and of other o-nitrostyrenes substituted in position o with a cyano group.
Notably, in the latter cases the products precipitate from the reaction media allowing for a ready
recovering (Scheme 17).2%%

R
CN
CN o” Pyrrolidine N
_—
+
N02 R O N02
[ N 7 Piperidine “
_—
= NO, + N' X
5
NO, 3g

Scheme 17. Other Knoevenagel-type condensations for the preparation of o-nitrostyrenes.

In conclusion, following previously mentioned protocols, we were able to synthesize various
nitrostyrenes starting from cheap and commercially available nitro compounds in very good yields.

4. Conclusion

The use of CO as a reductant for nitrostyrenes presents many advantages from a synthetic point of
view but is operationally complex for most research groups. In this chapter, we have presented our
results on the use of phenyl formate and formic acid as convenient CO surrogates in the Pd-
catalyzed reductive cyclization reactions of both J-nitrostyrenes and o-nitrostyrenes. The
protocol's strength is the exclusion of pressurized CO lines or autoclave, allowing the synthetic
chemist to perform the reaction in a pressure tube, a tool cheap and commonly available in any
laboratory. In the case of S-nitrostyrenes, phenyl formate was employed as the CO source. Good
results could be reached when a second aryl ring is present in the a-position of the styrene.
Depending on the substrate, yields are comparable to or a little lower than those achieved using
pressurized gaseous CO. However, the reaction was not satisfactory when no aryl substituent was
present in the a-position of the nitrostyrene, at least when the results previously achieved using
pressurized CO are taken as a reference. That the latter substrates required harsher reaction
conditions had already been noted, but this fact had only been imputed to a lower reactivity of
starting nitroalkene. Moreover, we have found that lower reactivity is only one aspect of the
problem. The other is that bases, necessary for the decomposition of phenyl formate, promote
unwelcome side reactions, mainly oligo- and polymerization reactions. Thus, a competition exists
between cyclization and the side reactions and the only efficient way of favoring the former is to
increase the CO pressure. Even if the problem may in theory be solved by increasing the phenyl
formate amount, this cannot be safely done in a glass pressure tube. For these substrates, the use
of pressurized CO seems to us to still be the best choice. On the other hand, we have re-optimized
the previously published catalytic reaction conditions to get indoles from o-nitrostyrenes using
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phenyl formate to beat problems related to the stability of some substrates. The reaction can be
performed with low catalyst loading (just 1 mol% or even less), and in the presence of 1,10-
phenanthroline, a cheap commercially available ligand. Although the reaction tolerates a wide
range of substrate, in some cases we faced a problem in isolating the final product due to the
formation of phenol (decomposition product of HCO,Ph). As a result, we explored the possibility
of using formic acid as the CO source in the catalytic reaction. The use of formic acid accompanied
with AcxO allows for the isolation of the desired indoles in most cases with yields comparable to
those previously obtained using HCO;Ph. It has been found that the use of HCO>Ph and HCOH
is complementary for the cyclization of some o-nitrostyrenes. The undeniable benefits of using
HCO2H/Ac>0 over other CO surrogates include their accessibility in all synthetic organic labs,
their affordability, and the easier isolation of the final product. Unlike the reaction using HCO>Ph,
when HCO-H was used, the reaction tolerated water and air, thus did not require a strictly oxygen-
free environment. As a bonus to the robustness and stability of our strategy, the reaction is also
readily scaled up, providing 2-phenyl indole in a high yield (90-96%) even under harsher
conditions and using a work-up avoiding the use of column chromatography. This makes our
reaction even more accessible, useful for preparation purposes, and economically advantageous.

5. Experimental section

5.1. General information

Unless otherwise stated, all the reactions were carried out under dinitrogen atmosphere using
standard Schlenk apparatus. All glassware and magnetic stirring bars were kept in an oven at 120
°C for at least two hours and let to cool under vacuum before use. CH3CN was dried by distillation
from CaH>. DMF was dried by distillation from CaHa, at 60 °C under reduced pressure. Acetone
was degassed and dried over molecular sieves (4 A) and stored under dinitrogen atmosphere.
Formic acid (> 99% purity) and acetic anhydride (> 99% purity) were purchased from Sigma-
Aldrich, formic acid (85% purity) was purchased from Carlo Erba Reagents. All were degassed by
freeze-pump-thaw cycles and stored under dinitrogen atmosphere. Triethylamine was distilled
from CaH> and kept under dinitrogen atmosphere. 1,10-Phenanthroline (Phen) was purchased as
hydrate (TCI Europe NV). It was dissolved in CH>Cl, dried over Na;SO4 followed by filtration
under a dinitrogen atmosphere and evaporation of the solvent in vacuo. Phen was weighed in the
air but stored under dinitrogen to avoid water absorbance. Deuterated solvents were purchased
from Sigma-Aldrich: DMSO-ds (commercially available in 0.75 mL vials under dinitrogen
atmosphere) was used as purchased, while CDClz was filtered on basic alumina and stored under
dinitrogen over 4 A molecular sieves. All the other reagents were purchased from Merck (Sigma-
Aldrich), TCI Europe NV or Fluorochem and used without further purification. '"H-NMR and '*C-
NMR spectra were recorded on a Bruker Avance DRX 300, Avance DRX 400 or Avance NEO
400. Chemical shifts are reported in ppm relative to tetramethylsilane. Elemental analyses were
performed on a Perkin Elmer 2400 CHN elemental analyser. Thin-layer chromatography (TLC)
was performed using precoated silica gel 60 F254 MACHEREY-NAGEL plates. TLC plates were
visualized by exposing UV light. Flash column chromatography was performed on MACHEREY-
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NAGEL flash silica gel 0.04-0.063 mm size. Gas-chromatographic analyses were performed using
a Shimadzu 2010Pro gas chromatograph equipped with a Supelco SLB™-5 ms capillary column
(L x I.D. 10 m x 0.10 mm, df 0.10 um). A standard analysis involves the preparation of a sample
solution in ethyl acetate (conc. 0.3 mg/mL calculated with respect to naphthalene or biphenyl as
the internal standard).

5.2. General procedure for the catalytic reactions

To avoid weighing errors, stock solutions of Pd catalyst and Phen were separately prepared under
dinitrogen in the reaction solvent. For a typical catalytic reaction, a pressure tube (Fig. 4) equipped
with a magnetic stirring bar was charged with nitrostyrene (1 eq.). The tube was placed in a large
mouth Schlenk tube and evacuated and filled with dinitrogen three times. The appropriate volume
of stock solutions of the catalysts and Phen were added, and the mixture stirred for 10 min, to
allow the formation of Pd/Phen complex. Precipitation of Pd(Phen)Cl, may be observed depending
on the catalyst concentration. The solvent (total solvent amount was 10 mL), HCO,Ph and the base
were added in this order and the pressure tube sealed under nitrogen.

For the reactions using HCO2H/Ac;0, after the formation of Pd/Phen complex, the proper amounts
of EtsN and acetic anhydride were added without stirring and then the solvent (10 mL total volume)
was carefully layered. Finally, formic acid was added, and the pressure tube sealed under
dinitrogen.

The tube was then placed in a custom-made aluminum block preheated at the desired temperature
and heated while stirring for the required time. Detailed experimental conditions are reported in
the captions to the tables.

At the end of the reaction, the pressure tube was lifted from the heating block, let to cool to room
temperature and opened (Caution: residual CO pressure is present in the pressure tube, perform
the operation slowly under a hood). When quantitative GC analysis of the reaction was needed,
the internal standard was then added to the reaction mixture, the reaction stirred until its complete
solubilization and then the reaction mixture immediately analyzed. Otherwise, the solvent was
evaporated, and the residue subjected to column chromatography (silica gel) using hexane/AcOEt
as the eluent with the addition of 1 to 2% of EtsN to partially deactivate acidic sites of silica gel.
In our experience, absence of Et3N causes extensive decomposition of the indoles over silica-gel.
The same reaction protocol was employed for running the catalytic tests in standard Schlenk
glassware.

5.3. Procedure for the large-scale synthesis of indole (4f) under conditions A
The large-scale reaction was performed in a 250 mL Fisher-Porter pressure bottle. The reaction
for the synthesis of 4f under Conditions A was scaled up 16.5-fold with respect to the standard
conditions.

The pressure bottle was charged with solid reagents, substrate 3f (2.0 g, 8.9 mmol), catalyst (0.5
mol%, half the amount used in the catalytic reaction) and phenanthroline (5 mol%), and then
placed in a Schlenk tube with a large mouth. The tube was evacuated and filled three times with
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dinitrogen. Solvent (45+5 mL CH3CN/DMF, 5-fold increase) was added. and the mixture stirred
for 15 min. Phenyl formate (3.3 mL, 30.3 mmol, less amount used compared to the catalytic
reaction 3.4 eq instead of 4.4) and EzN (1.6 mL, 11.5 mmol) were added, then the pressure bottle
sealed under dinitrogen. To ensure completion of the reaction, the reaction time was increased
from 6 to 8 h, although the reaction may have reached completion before. At the end of the reaction,
metallic palladium had precipitated on the walls of the bottle. The solution was then filtered
through a pad of Celite in a Pasteur pipette by cannula technique to remove even colloidal
palladium particles possibly present. The product was then precipitated with water, dissolved in
CH:Cl (50 mL) and washed with a saturated NaHCO3 aqueous solution (3 x 30 mL), brine (1 x
50 mL) and water (1 x 50 mL). The organic phase was then dried over Na>SOs, filtered and the
solvent was evaporated under vacuum to yield the final product as a white, analytically, and
spectroscopically pure crystalline solid (1.63 g, 96 % yield), without the need for any
chromatographic purification. Phenanthroline and any other by-product present in small amounts
remained in solution by this procedure.

5.4. Procedure for the large-scale synthesis of indole (4f) under conditions B
The large-scale reaction was performed in a 250 mL heavy-walled glass pressure bottle (Fig.4) to
prepare 4f under the optimal conditions. The reaction for the synthesis of 4f under Conditions B
was scaled up 17.6-fold with respect to the standard conditions.

The pressure bottle was charged with solid reagents, substrate 1e (2.00 g, 8.8 mmol), Pd(acac):
(0.5 mol%) and phenanthroline (5 mol%), and then placed in a Schlenk tube with a large mouth.
The tube was evacuated and filled three times with dinitrogen. Acetone (30 mL), triethylamine
(3.1 mL, 22 mmol) and acetic anhydride (2.1 mL, 22 mmol) were added, and the mixture stirred
for 10 minutes. The stirring was stopped, and the remaining solvent amount (acetone, 68 mL) was
layered. Finally, formic acid (0.84 mL, 22 mmol) was added, and the bottle sealed with the
screwcap under dinitrogen. The total amount of solvent was only 8.8 times increased instead of
17.6 to facilitate the subsequent workup. The pressure bottle was placed in a pre-heated (110 °C)
oil bath. Despite the possibility that the reaction had already reached full conversion of the
substrate, the reaction time was extended from 10 to 12 hours to ensure completion. Metallic
palladium precipitated on the bottle walls at the end of the reaction. At the end of the reaction, the
pressure bottle was raised from the oil bath, let to cool to room temperature and slowly opened
under a fume hood. ATTENTION: Scale-up of the reaction should be performed carefully
considering the maximum CO pressure developed by HCO>H decomposition and scaling-up the
reactor volume accordingly. Subsequently, the solution was filtered on a short pad of Celite in a
Pasteur pipette using cannula technique to get rid of any potential colloidal palladium particles.
The product was precipitated with water, collected by filtration on a Buchner funnel, dissolved in
ethyl acetate (50 mL) and washed with saturated NaHCO3 aqueous solution (3 x 30 mL), brine (50
mL) and water (50 mL). The organic layer was then dried over Na;SOs, filtered and the solvent
was evaporated under vacuum to yield the final product as a white, analytically, and
spectroscopically pure crystalline solid (1.54 g, 90% yield), without the need for any
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chromatographic purification. Phenanthroline and any other by-products present in small amounts
remained in solution after the first precipitation by this procedure.
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Fig.4. Left: Pressure bottle used in the large-scale reaction under conditions B. Right: Pressure tube used
during our study.

5.5. Preparation of palladium catalysts

5.5.1. Preparation of Pd(CH3CN):2Cl2

The synthesis was performed following the procedure reported in the literature.!>!

PdCl> (1.01 g, 5.70 mmol) was suspended into 70 mL of CH3CN and refluxed for 2 h. To remove
undissolved material, the hot solution was filtered through filtering paper by using a Teflon
cannula. The solution was cooled to 0 °C to promote the precipitation of the desired complex. The
so-formed orange solid was filtered through a Buchner funnel. (1.47 g, 99% yield).

Elemental analysis calcd for C4HsClbN2Pd: C, 18.52; H, 2.33; N, 10.80, found: C, 18.80; H, 2.28;
N, 10.80.

5.5.2. Preparation of Pd(acac):

The synthesis was performed following the procedure reported in the literature.'®
PdCl> (1 g, 5.6 mmol) and NaCl (0.66 g, 11.2 mmol) were dissolved in methanol (25 mL) and
stirred at room temperature overnight until the mixture became clear. The solution was diluted
with methanol (25 mL), and then acetylacetone (1.23 g, 12.3 mmol) and Na,COs (0.59 g, 5.6
mmol) were added to the solution, followed by stirring at room temperature overnight. After the
reaction, the precipitate was filtered and washed with distilled water. The yellow powder was dried

2

under vacuum overnight. (1.6 g, 94% yield).
Elemental analysis calcd for Ci1oH1604Pd: C, 39.17; H, 5.26; N, 0.00, found: C, 39.24; H, 5.17; N,
0.06.
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5.6. Preparation of phenyl formate

Ac,0, NaHCO; 0

N

H” "OPh

HCOOH + PhOH

The synthesis was performed following the procedure reported in the literature.!*?

In a dry 250 mL round bottom Schlenk flask, formic acid (35 mL, 0.93 mol) and acetic anhydride
(70 mL, 0.74 mol) were stirred at 60 °C for 1 hour. The mixture was then allowed to cool to room
temperature and transferred using a cannula into an ice-cooled 500 mL Schlenk containing phenol
(17.4 g, 0.19 mol) and sodium bicarbonate (15.5 g, 0.19 mol). After the addition, the reaction
temperature let to reach to room temperature and stirred overnight under a dinitrogen atmosphere.
A mixture of CH2Cl> (80 mL) and water (100 mL) was then added, and the biphasic system was
stirred vigorously. The organic layer was separated, and the aqueous layer was extracted with
CH:ClI, (3%x50 mL). The combined organic layers were washed with water (7x50 mL) and brine
(3%25 mL), to get rid of residual acid, dried over Na>xSO4 and filtered. The solvent was evaporated
to give the final product as pale-yellow liquid (16.5 mL, 0.15 mol, 82%). The obtained formate is
analytically (NMR) pure and can be used without further purification.

"H NMR (400 MHz, CDCls) § 8.31 (s, 1H), 7.43 (t, J= 7.8 Hz, 2H), 7.30 (t, J= 7.4 Hz, 1H,
overlapped with CDCls signal), 7.17 (d, J= 7.7 Hz, 2H) ppm.

3C NMR (100 MHz, CDCl3) § 159.3, 149.9, 129.6, 126.3, 121.1 ppm.

5.7. Preparation of f-nitrostyrenes

Nitroolefins 1a,'3* 1b,3%!5 1¢,1%¢ 1e 157 and 1k 3 were prepared as previously reported in the
literature. Analytical data were in agreement to previous reports.'>® The other substrates were
synthesized following the modified procedure herein reported.

5.7.1. General synthetic procedure for the synthesis of a-aryl-#-nitrostyrenes — Method A

\ R’
R LiHvDs R MeNO, )\g
Ko vcorr R 0Nsiver Refloe~ R
R” 0 0°CtoRT R NSiMe; Reflux

NO,

The synthesis was performed following the procedure reported in the literature.!>®
In an oven dried Schlenk flask, the substituted benzophenone (4 mmol.) was dissolved in dry THF
(20 mL) and the flask cooled in an ice-bath. Lithium hexamethyldisilazane (LiHMDS) (9 mL, 1
M solution in THF) was added dropwise and then the mixture stirred for 24 h at room temperature.
THF was then evaporated under vacuum and ethyl acetate (20 mL) was added in the air. The
organic layer was washed with brine (3%x15 mL), dried over anhydrous Na,SOs, and filtered. The
solvent was evaporated, and nitromethane (15 mL) was added to the residue. The mixture was
refluxed under a dinitrogen atmosphere for 48 h. Nitromethane was then evaporated to give the
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residue, which was purified by either crystallization or column chromatography. Nitroalkenes 1d,
1e and 1g were prepared using this method.

1-fluoro-4-(1-(4-methoxyphenyl)-2-nitrovinyl)benzene (1d).

MeO l l l l OMe

Major Isomer (Z Minor Isomer (E

Obtained as a yellow solid (361 mg, 1.32 mmol, isomeric mixture Z:E = 1.7:1) after column
chromatography (CH>Cly/hexane 1:1).

'"H NMR (400 MHz, CDCls) § 7.43 (s, 1H, Z-isomer), 7.32 (s, 1H, E-isomer), 7.29 (dd, J = 8.8,
5.3 Hz, 2H, E-isomer), 7.23 — 7.20 (m, 4H, Z-isomer), 7.18 — 7.06 (m, 2H, Z-isomer and 4H, E-
isomer), 6.94 (d, J = 8.8 Hz, 2H Z-isomer), 6.90 (d, J = 8.9 Hz, 2H, E-isomer), 3.86 (s, 3H), 3.84
(s, 3H) ppm.

13C NMR (100 MHz, CDCl3) § 164.4 (d, 'Jc.r = 252.6 Hz), 163.2 (d, 'Jcr = 249.8 Hz), 162.2,
160.9, 149.7, 149.52, 133.8 (d, “Jcr = 3.2 Hz), 133.5, 133.05, 131.6 (d, *Jc.r = 3.4 Hz), 131.3 (d,
3Jcr = 8.6 Hz) 131.0 overlapped with 130.9, 130.7, 116.0 (d, 2Jc.r = 21.9 Hz), 115.7 (d, 2Jc.r =
21.9 Hz), 114.4, 114.0, 55.5, 55.4 ppm.

Elemental Analysis calcd for CisH12FNO3: C, 65.93; H, 4.43; N, 5.13, found: C, 65.53; H, 4.63;
N, 5.14.

4,4'-(2-nitroethene-1,1-diyl)bis(fluorobenzene) (1e).
NO,

|
LU,
Obtained as a yellow solid (439 mg, 1.7 mmol, 42% yield) after recrystallization from
hexane:isopropanol = 8:2.

"H NMR (400 MHz, CDCI3) § 7.39 (s, 1H), 7.30 - 7.25 (m, 2H), 7.24 — 7.18 (m, 2H), 7.18 — 7.05
(m, 4H) ppm.

13C NMR (100 MHz, CDCl3) § 164.6 (d, 'Jc.r=253.2 Hz), 163.5 (d, 'Jc.r =250.2 Hz, CF), 148.5,
133.2 (d, *Jer=3.1 Hz) 131.3 (d, “Jcr= 3.4 Hz), 131.2, 131.1 (d, *Jcr = 1.4 Hz), 116.4 (d, >Jc.r
=21.9 Hz, CH), 116.0 (d, 2Jc.r=21.9 Hz, CH) ppm.

Elemental Analysis calcd for C14HoF2NO»: C, 64.37; H, 3.47; N, 5.36, found: C, 64.84; H, 4.08;
N, 5.46.
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1-chloro-4-(2-nitro-1-phenylvinyl)benzene (1g).
NO,

Cl l l

Obtained as a yellow solid (582 mg, 2.2 mmol, 56% yield, mixture of two isomers) after
recrystallization from (hexane:isopropanol = 8:2).

"H NMR (300 MHz, CDCls3) & 7.51 — 7.33 (m, 6H), 7.28-7.16 (m, 4H, overlapped with CDCl5)
ppm.

3C NMR (75 MHz, CDCl3) § 149.4, 149.3, 137.4, 136.8, 135.71, 135.68, 135.2, 134.8, 134.6,
134.0, 131.3, 130.4, 130.3, 129.7, 129.4, 129.2, 129.02, 129.00, 128.9, 128.8 ppm.

Elemental Analysis caled for C14H10CINO:: C, 64.75; H, 3.88; N, 5.39, found: C, 64.84; H, 4.08;
N, 5.46.

5.7.2. General synthetic procedure for the synthesis of a-aryl-#-nitrostyrenes — Method B

Ry
O n-BuLi Or KO'Bu t-BuONO, TEMPO
O + RyPhsPXK ———M =
MeCN, 90 °C
O R3= Me, Et 78 oC rt overnight
X=1, Br

Ro

General procedure for the synthesis of the olefins by Wittig reaction

The synthesis was performed following the procedure reported in the literature.'*

In an oven dried Schlenk flask, the phosphonium salt (2 eq.) was added and dissolved in dry THF
then cooled to -78 °C. n-BuLi (2 eq., 2.5 M solution in hexane) or KO'Bu was slowly added (dark
yellow color was immediately observed) then the mixture allowed to warm up to room temperature
and stirred for 1 h. After that, the mixture was cooled again to -78 °C and a solution of
benzophenone (1 eq.) in THF was added gradually. After stirring for another 0.5 h, the resulting
solution was allowed to warm up to room temperature and left with stirring under nitrogen
atmosphere overnight. The reaction was quenched by addition of a saturated aqueous ammonium
chloride solution and was extracted with hexane several times. The combined organic layers were
dried over anhydrous Na>SOs, filtered and the solvent was evaporated. The residue was purified
by column chromatography on silica-gel using hexane as the eluent to give the olefin.

General procedure for the synthesis of the nitroalkenes by nitration of the corresponding
olefins
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The synthesis was performed following the procedure reported in the literature.'?’

In an oven dried pressure tube equipped with a stirring bar, the olefin (1 eq.), TEMPO (1 eq.), tert-
butyl nitrite (2 eq.) and acetonitrile were added. The reaction was closed under an oxygen
atmosphere and left at 90 °C overnight. After reaction completion the solvent was evaporated and
the reaction mixture was purified by column chromatography on silica-gel using hexane:AcOEt
(95:5) as the eluent to give the nitroalkene.

Synthesis of 4,4'-(2-nitroethene-1,1-diyl)bis(methylbenzene) (1h)

NO,
U '
4,4'-(ethene-1,1-diyl)bis(methylbenzene).

Prepared by Wittig reaction performed under inert atmosphere. Methyl triphenylphosphonium
iodide (2.20 g, 5.4 mmol) was suspended in dry THF (30 mL) and KO'Bu (640 mg, 5.7 mmol) was
added. The mixture was stirred at room temperature for 1h and then 4,4’-dimethylbenzophenone
(954 mg, 4.5 mmol) in dry THF (10 mL) was added gradually. The reaction was stirred overnight
and then quenched with saturated aqueous ammonium chloride solution (25 mL) then extracted
with hexane (3 x 20 mL). The combined organic layers were dried over anhydrous Na>SOs, filtered
and the solvent was evaporated. The residue was purified by column chromatography on silica-gel
using hexane as the eluent to give the olefin as white solid (510 mg, 2.4 mmol, 53% yield).

'"HNMR (300 MHz, CDCl3) § 7.27 (d, J= 8.1 Hz, 4H), 7.17 (d, J= 8.1 Hz, 4H), 5.41 (s, 2H), 2.40
(s, 6H) ppm.

13C NMR (75 MHz, CDCl3) § 149.9, 138.9, 137.6, 129.0, 128.3, 113.1, 21.3 ppm.
Elemental Analysis calcd for Ci¢His: C, 92.26; H, 7.74, found: C, 92.25; H, 7.75.
4,4'-(2-nitroethene-1,1-diyl)bis(methylbenzene) (1h).

Prepared according to the general synthetic procedure for the nitration of olefins from 4,4'-(ethene-
1,1-diyl)bis(methylbenzene) (312 mg, 1.5 mmol), TEMPO (234 mg, 1.5 mmol), fert-butyl nitrite
(360 uL, 3.0 mmol) and acetonitrile (6 mL). The product was obtained as yellow crystals (220 mg,
0.87 mmol, 60% yield).

'H NMR (400 MHz, CDCl3) § 7.40 (s, 1H), 7.23 (d, J= 7.9 Hz, 2H), 7.18 (s, 4H), 7.11 (d,J=7.9
Hz, 2H), 2.42 (s, 3H), 2.39 (s, 3H) ppm.

13C NMR (100 MHz, CDCls) & 151.0, 141.6, 139.6, 134.7, 133.6, 132.8, 129.7, 129.3, 129.15,
129.10, 21.6, 21.5 ppm.
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Elemental Analysis calcd for Ci6H1sNO2: C, 75.87; H, 5.97; N, 5.53, found: C, 75.75; H, 6.07; N,
5.49.

Synthesis of 1-methyl-4-(2-nitro-1-phenylvinyl)benzene (1i).
NO,

1-methyl-4-(1-phenylvinyl)benzene.

Prepared by Wittig reaction performed under inert atmosphere from methyl triphenylphosphonium
iodide (1.62 g, 4.0 mmol) dissolved in dry THF (25 mL), n-BuLi (1.6 mL, 4.0 mmol, 2.5 M solution
in hexane) and 4-methylbenzophenone (392 mg, 2 mmol) dissolved in dry THF (5 mL). The
reaction was quenched with 30 mL of saturated aqueous ammonium chloride solution then
extracted with hexane (3 x 15 mL). Column chromatography purification was performed using
hexane as the eluent. The product was isolated as colorless oil (300 mg, 1.5 mmol, 77% yield).

'H NMR (300 MHz, CDCL3) & 7.49-7.43 (m, 5H), 7.38 (d, J = 8.0 Hz, 2H), 7.27 (d, J = 8.0 Hz,
2H), 5.57 (d, J= 1.0 Hz, 1H), 5.55 (d, J = 1.0 Hz, 1H), 2.50 (s, 3H) ppm.

13C NMR (75 MHz, CDCl3) § 150.0, 141.8, 138.7, 137.6, 129.0, 128.4, 128.3, 128.2, 127.8, 113.7,
21.3 ppm.

Elemental Analysis calcd for CisHi4: C, 92.74; H, 7.26, found: C, 92.62; H, 7.19.
1-methyl-4-(2-nitro-1-phenylvinyl)benzene (1i).

Prepared according to the general synthetic procedure for the nitration of olefins from 1-methyl-
4-(1-phenylvinyl)benzene (220 mg, 1.1 mmol), TEMPO (177 mg, 1.1 mmol), fert-butyl nitrite
(270 mL, 2.3 mmol) and acetonitrile (4.5 mL). The product was obtained as yellow crystals (172
mg, 0.72 mmol, 63% yield, mixture of two isomers ca. 1:1 ratio).

'"H NMR (400 MHz, CDCl3) § 7.50 — 7.34 (m, 8H), 7.32 — 7.26 (m, 2H), 7.26 — 7.15 (m, 6H,
overlapped with the olefinic CH signal), 7.18 (s, 2H, olefinic CH), 7.12 (d, J = 8.1 Hz, 2H), 2.42
(s, 3H), 2.39 (s, 3H) ppm.

3C NMR (100 MHz, CDCl3) § 150.8, 141.7,139.7,137.6, 135.9,134.3, 134.3, 133.9, 132.7, 130.9,
129.8, 129.3, 129.2, 129.1, 129.0, 128.95, 128.93, 128.6, 21.6, 21.5 ppm.

Elemental Analysis calcd for CisHi3NOz: C, 75.30; H, 5.48; N, 5.85. found: C, 75.42; H, 5.50; N,
5.70.

Synthesis of 1-methyl-4-(2-nitro-1-phenylvinyl)benzene (1j).
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NO,

Prop-1-ene-1,1-diyldibenzene.

Prepared by Wittig reaction performed under inert atmosphere from ethyl triphenylphosphonium
bromide (6.00 g, 16.4 mmol) dissolved in dry THF (50 mL), n-BuLi (6.4 mL, 16.4 mmol, 2.5 M
solution in hexane) and benzophenone (1.50 g, 8.2 mmol) in dry THF (10 mL). Reaction was
quenched with saturated aqueous ammonium chloride solution (30 mL) then extracted with hexane
(3 x 20 mL). The solvent was evaporated, and the residue was purified by column chromatography
on silica-gel using hexane as the eluent to give the product as white solid (1.47 g, 7.6 mmol, 92%
yield).

'H NMR (400 MHz, CDCL3) § 7.43 (t, J = 7.2 Hz, 2H), 7.39 — 7.21 (m, 8H), 6.24 (q, J = 7.0 Hz,
1H), 1.83 (d, J = 7.0 Hz, 3H) ppm.

3C NMR (100 MHz, CDCls) § 143.1, 142.6, 140.2, 130.2, 128.3, 128.2, 127.3, 127.0, 126.9,
124.3, 15.8 ppm.

Elemental Analysis calcd for CisHie: C, 92.74; H, 7.26. found: C, 92.49; H, 7.25.
(2-nitroprop-1-ene-1,1-diyl)dibenzene (1j).

Prepared according to the general synthetic procedure for the nitration of olefins from prop-1-ene-
1,1-diyldibenzene (291 mg, 1.5 mmol), TEMPO (234 mg, 1.5 mmol), fert-butyl nitrite (360 mL, 3
mmol) and acetonitrile (6 mL). The product was obtained as pale-yellow crystals (200 mg, 0.84
mmol, 55% yield).

"H NMR (400 MHz, CDCl3) § 7.42 — 7.35 (m, 3H), 7.33 — 7.28 (m, 3H), 7.21 (dd, J= 7.7, 1.8 Hz,
2H), 7.17-7.15 (m, 2H), 2.35 (s, 3H) ppm.

3C NMR (100 MHz, CDCl3) § 146.5, 140.0, 138.4, 138.3, 129.5, 128.9, 128.7, 128.69, 128.67,
128.3, 18.3 ppm.

Elemental Analysis calcd for CisHi3NOz: C, 75.30; H, 5.48; N, 5.85, found: C, 75.38; H, 5.65; N,
5.79.

Synthesis of (E)-(3,3,3-trifluoro-1-nitroprop-1-en-2-yl)benzene (11)
CFs HO_ CFs CFy
@O Et;N, MeNO, ©)</N02 SOCI,, Pyridine ©)\
r.t Toluene, r.t NO,

11

The synthesis was performed following the procedure reported in the literature.!*°
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In a two neck round bottomed flask, Etz:N (1.2 mL, 8.6 mmol) was added, under N2, to a solution
of 2,2,2-trifluoroacetophenone (900 mg, 6.1 mmol) in nitromethane (8 mL). The mixture was
stirred overnight at room temperature and then ethyl acetate (20 mL) was added. The mixture was
washed with 1M HCI (10 mL), water (10 mL), and brine (10 mL) and then dried over Na>SOas.
Filtration and evaporation of the solvent afforded the crude nitro alcohol that was used in the
subsequent step without further purification. The crude was dissolved in toluene (8 mL) and SOCl,
(0.70 mL, 9.6 mmol) and pyridine (1.5 mL, 18.6 mmol) were slowly added at 0 °C while stirring.
The mixture was stirred at room temperature for 4h and then ethyl acetate (20 mL) was added. The
organic phase was washed with water (3%x10 mL) and brine (10 mL), dried over Na,SO4 and
filtered. The solvent was removed under vacuum and the residue was purified by flash column
chromatography on silica gel using hexane: CH>Cl, (95:5). The product was obtained as yellow
oil (638 mg, 2.9 mmol, 48% yield).

"H NMR (400 MHz, CDCl3) § 7.53 (d, J = 1.1 Hz, 1H), 7.51 — 7.43 (m, 3H), 7.32 (d, J= 7.0 Hz,
2H) ppm.

13C NMR (100 MHz, CDCls) & 140.1, 136.1 (q, *Jcr = 31.9 Hz), 130.7, 129.0, 128.3, 127.0, 122.0
(q, Je.r =274 Hz) ppm.

5.8. Characterization data for indoles (2a-e) and (2g-j)
2-Methyl-1H-indole (2a).
-

N

H

Obtained as a white solid (31 mg, 0.23 mmol, 43% yield) after column chromatography
(hexane:AcOEt =90:10 + 1% Et3N).

'H NMR (300 MHz, CDCl:): 8 = 7.77 (s, 1H), 7.51 (d,J = 7.3 Hz, 1H), 7.26 (d, J= 7.7 Hz, 1H),
7.15-6.99 (m, 2H), 6.22 (s, 1H), 2.43 (s, 3H) ppm.

3C NMR (75 MHz, CDCl3) 6 136.1, 135.7, 129.1, 120.9, 119. 7, 110.4, 100.3, 13.5 ppm.

Elemental Analysis calcd for CoHoN: C, 82.41; H, 6.92; N, 10.48, found: C, 82.12; H, 6.98; N,
10.30.

3-Phenyl-1H-indole (2b).
L

N

H
Obtained as a white solid (93 mg, 0.48 mmol, 89% yield) after column chromatography

(hexane:AcOEt =90:10 + 1% Et3N).
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'"H NMR (400 MHz, CDCls) & 8.25 (s, 1H), 7.98 (d, J= 7.8 Hz, 1H), 7.71 (d, J= 7.3 Hz, 2H),
7.52-7.44 (m, 3H), 7.40 (d, J = 2.1 Hz, 1H), 7.35-7.26 (m, 2H), 7.23 (t, /= 7.4 Hz, 1H) ppm.
3C NMR (75 MHz, CDCls) § 136.8, 135.7, 128.9, 127.7, 126.1, 125.9, 122.6, 121.9, 120.5, 120.0,
118.5, 111.5 ppm.

Elemental Analysis calcd for CisHiiN: C, 87.01; H, 5.74; N, 7.25, found: C, 86.90; H, 5.84; N,
7.01.

6-methoxy-3-(4-methoxyphenyl)-1H-indole (2c¢).
OMe

PH
MeO N

Obtained as a white solid (92 mg, 0.36 mmol, 66% yield) after column chromatography
(hexane:AcOEt = 80:20 to 60:40 + 1% Et;N).

"HNMR (300 MHz, CDCls) & 8.04 (s, 1H), 7.76 (d, J = 8.6 Hz, 1H), 7.57 (d, J = 8.6 Hz, 2H), 7.19
(d,J=2.2 Hz, 1H), 6.99 (d, J = 8.6 Hz, 2H), 6.91 (d, /= 1.8 Hz, 1H), 6.85 (dd, /= 8.7, 2.1 Hz,
1H), 3.87 (s, 3H), 3.86 (s, 3H) ppm.

3C NMR (75 MHz, CDCls) § 158.2, 156.8, 137.5, 128.6, 128.3, 120.6, 120.5, 119.9, 118.1, 114.4,
110.2, 94.8, 55.8, 55.5 ppm.

Elemental Analysis calcd for C16H1sNOa2: C, 75.87; H, 5.97; N, 5.53, found: C, 75.90; H, 6.14; N,
5.81.

3-(4-fluorophenyl)-6-methoxy-1H-indole (2d").
F

L
MeO ”

Obtained as a white solid (27 mg, 0.21 mmol, 21% yield) after column chromatography
(hexane:AcOEt = 85:15 + 1% Et3N); 21% yield.

"H NMR (400 MHz, CDCl3) & 8.08 (s, 1H), 7.73 (d,J= 8.7 Hz, 1H), 7.65-7.54 (m, 2H), 7.22
(d,J=2.4 Hz, 1H), 7.16-7.09 (m, 2H), 6.92 (d, J = 2.2 Hz, 1H), 6.86 (dd, /= 8.7, 2.2 Hz, 1H),
3.87 (s, 1H) ppm.

3C NMR (75 MHz, CDCl3) 8 161.5 (d, 'Jc.r = 244.4 Hz), 156.8, 137.6, 131.8 (d, “Jc.r= 3.1 Hz),
128.8 (d,’Jc.r= 7.7 Hz), 120.5, 120.3, 120.2, 117.4, 115.7 (d, °Jcr=21.3 Hz), 110.5, 94.9, 55.8

19F NMR (282 MHz, CDCl3) § -117.37 (s) ppm.
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Elemental Analysis calcd for C1sHi2FNO: C, 74.67; H, 5.01; N, 5.81, found: C, 74.57; H, 5.21; N,
5.61.
6-fluoro-3-(4-methoxyphenyl)-1H-indole (2d").

OMe

(L

Obtained as a white solid (50 mg, 0.21 mmol, 38% yield) after column chromatography
(hexane:AcOEt = 85:15 + 1% Et3N).
"H NMR (300 MHz, CDCl3) § 8.15 (s, 1H), 7.78 (dd, J= 8.8, 5.4 Hz, 1H), 7.54 (d, J= 8.7 Hz,
2H),7.23 (d, J=2.4 Hz, 1H), 7.06 (dd, J=9.5,2.3 Hz, 1H), 7.00 (d, /=8.7 Hz, 2H), 6.94 (ddd, J =
9.4,8.9,2.3 Hz, 1H), 3.85 (s, 3H) ppm.
3C NMR (75 MHz, CDCl5) § 160.5 (d, "Jc.r =238.2 Hz), 158.7, 136.9 (d, >Jcr = 12.4 Hz), 129.0,
128.1, 123.0, 121.7 (d, *Je.r = 3.3 Hz), 121.0 (d, *Jcr= 10.1 Hz), 118.5, 114.7, 109.3 (d, °Jc.r =
24.4 Hz), 98.0 (d, “Jc-r = 26.0 Hz), 55.8 ppm.
9F NMR (282 MHz, CDCl3) § -121.17 (s) ppm.
Elemental Analysis calcd for CisHi2FNO: C, 74.67; H, 5.01; N, 5.81, found: C, 74.78; H, 5.31; N,
5.49.
6-fluoro-3-(4-fluorophenyl)-1H-indole (2e).

F

L

Obtained as an off-white solid (61 mg, 0.27 mmol, 49% yield) after column chromatography
(hexane:AcOEt =90:10 + 1% Et3N).

'H NMR (300 MHz, CDCls) § 8.21 (s, 1H), 7.77 (dd, J= 8.7, 5.3 Hz, 1H), 7.63-7.54 (m, 3H),
7.28 (d, J=2.3 Hz, 1H), 7.20-7.08 (m, 4H), 6.97 (td, J=9.3, 2.2 Hz, 1H) ppm.

3C NMR (75 MHz, CDCl3) & 161.7 (d, "Je.r= 244.9 Hz), 160.2 (d, "Jer= 238.6 Hz), 136.7
(d, *Jer=12.4Hz), 131.3 (d, “Jc-r = 3.3 Hz), 129.0 (d, *Je.r = 7.8 Hz), 122.5, 121.9 (d, *Jcr = 3.3
Hz), 120.5 (d, *Jc.r=10.1 Hz), 117.7,115.8 (d, “Jc-r = 21.4 Hz), 109.28 (d, *Jc.r = 24.4 Hz), 97.82
(d, 2Jc.r=26.0 Hz) ppm.

F NMR (282 MHz, CDCl3) § -116.89 (s), -120.81 (s) ppm.

Elemental Analysis calcd for Ci4HoF2N: C, 73.36; H, 3.96; N, 6.11, found: C, 72.95; H, 4.27; N,
5.84.

3-(4-chlorophenyl)-1H-indole (2g') and 6-chloro-3-phenyl-1H-indole (2g").
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Cl

Ly OO0
N cl N
2g"

2g’
Obtained as an off-white solid (82 mg, 0.36 mmol, 67% yield) after column chromatography
(hexane:AcOEt =90:10 + 1% Et3N).
"H NMR (400 MHz, CDCls) & 8.25 (s, 1H, NH, 2g' isomer), 8.20 (s, 1H, NH, 2g'" isomer), 7.90
(d,J= 7.9 Hz, 1H, 2g"' isomer), 7.84 (d,J= 8.5 Hz, 1H, 2g" isomer), 7.64 (d,J= 7.8 Hz,
2H, 2g" isomer), 7.60 (d, J = 8.4 Hz, 2H, 2g' isomer), 7.46 (t, J = 7.7 Hz, 2H, 2g"" isomer), 7.45—
7.39 (m, 3H, 2g' isomer and 1H, 2g"" isomer), 7.35-7.20 (m, 3H, 2g' isomer and 2H, 2g"" isomer),
7.17 (dd, J= 8.6, 1.8 Hz, 1H, 2g'" isomer) ppm.
13C NMR (75 MHz, CDCls) § 137.1, 135.1, 129.03, 128.99, 128.7, 128.4, 127.6, 126.4, 124.6,
122.7,122.4,122.0, 121.2, 120.7, 120.6, 119.7, 118.7, 117.3, 111.6, 111.4 ppm.
Elemental Analysis calcd for C14H1oCIN: C, 73.85; H, 4.43; N, 6.15, found: C, 74.15; H, 4.53; N,
5.84.
6-methyl-3-(4-methylphenyl)-1H-indole (2h).

;
‘ N
H

Obtained as a white solid (83 mg, 0.38 mmol, 70% yield) after column chromatography
(hexane:AcOEt =90:10 + 1% Et3N).

"H NMR (400 MHz, CDCls) & 8.06 (s, 1H), 7.81 (d, J= 8.2 Hz, 1H), 7.57 (d, J = 8.0 Hz, 2H),
7.27-7.25 (m, 3H, overlapped with CDCl3), 7.21 (s, 1H), 7.03 (d, J = 8.2 Hz, 1H), 2.49 (s, 3H),
2.41 (s, 3H) ppm.

3C NMR (100 MHz, CDCl3) § 137.3,135.6, 132.9, 132.3,129.6, 127.4, 123.9, 122.1, 120.9, 119.7,
118.3,111.4,21.8, 21.3 ppm.

Elemental Analysis calcd for CisHisN: C, 86.84; H, 6.83; N, 6.33, found: C, 87.10; H, 6.98; N,
6.02.

6-methyl-3-phenyl-1H-indole (2i') and 3-(4-methylphenyl)-1H-indole (2i'").
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Ly 5
i N

2i' 2i"

Obtained as a pale-yellow solid (78 mg, 0.38 mmol, 71% yield, mixture of the two isomers 2i'
and 2i", ratio 2i":2i" = 1.3:1) after column chromatography (hexane:AcOEt =90:10 + 1% Et;N).
"H NMR (400 MHz, CDCI3) § 8.18 (br, 1H, 2i" isomer), 8.08 (br, 1H, 2i' isomer), 7.95 (d, J=7.9
Hz, 1H, 2i" isomer), 7.85 (d, J = 8.2 Hz, 1H, 2i' isomer), 7.69 (d, J = 7.2 Hz, 2H, 2i' isomer), 7.59
(d, J= 8.0 Hz, 2H, 2i" isomer), 7.50-7.40 (m, 2H, 2i' isomer and 1H, 2i" isomer), 7.36-7.17 (m,
3H, 2i' isomer and 5H, 2i" isomer, overlapped with CDCI3), 7.05 (d, J = 8.2 Hz, 1H, 2i' isomer),
2.51 (s, 3H, 2i' isomer), 2.43 (s, 3H, 2i" isomer) ppm.

3C NMR (100 MHz, CDCl3) & 137.2, 136.8, 135.9, 135.7, 132.7, 132.4, 129.6, 128.9, 127.6,
127.5, 126.0, 123.7, 122.5, 122.2, 121.6, 121.2, 120.3, 120.0, 119.6, 118.5, 118.3, 111.5, 111.4,
21.8,21.3 ppm.

Elemental Analysis caled for CisHi3N: C, 86.92; H, 6.32; N, 6.76, found: C, 87.22; H, 6.57; N,
6.44.

2-methyl-3-phenyl-1H-indole (2j).

(L

N
Obtained as a yellow gum (53 mg, 0.26 mmol, 47% yield) after column chromatography
(hexane:AcOEt = 95:5 + 1% Et:N).
'"H NMR (400 MHz, CDCl3) § 7.96 (s, 1H), 7.68 (d,J= 7.8 Hz, 1H), 7.53 (dd, J= 8.2, 1.3 Hz,
2H), 7.47 (t, J= 7.7 Hz, 2H), 7.37-7.29 (m, 2H), 7.18 (td, J= 7.6, 1.1 Hz, 1H), 7.12 (td, J = 7.6,
1.1 Hz, 1H), 2.52 (s, 3H) ppm.
3C NMR (100 MHz, CDCl3) 6 135.6, 135.4,131.5, 129.6, 128.6, 128.0, 125.9, 121.7, 120.1, 118.9,
114.7,110.4, 12.7 ppm.

Elemental Analysis calcd for CisHi3N: C, 86.92; H, 6.32; N, 6.76, found: C, 87.18; H, 6.52; N,
6.55.

5.9. Preparation of o-nitrostyrenes

o-Nitrostyrenes 3e,2*%° 3j ¢ and 3af,'*! were prepared as previously reported in the literature.
Analytical data agreed to previous reports. The other substrates were synthesized following the
modified procedure herein reported.
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5.9.1. Synthesis of o-nitrocinnamates (3a-d)
o-nitrocinnamates 3a-d were prepared according to the following methods.

General procedure A

CO,H
©\/\/ 2 ROH, H2804 ©\/\/COZR
NO

2 Reflux NO,

The synthesis was performed following the procedure reported in the literature.'*!
Inan oven dried 100 mL round bottom Schlenk flask, (E)-2-nitrocinnamic acid (2.02 g, 10.5 mmol)
was dissolved in 60 mL of dehydrated alcohol and 200 uL of concentrated sulphuric acid (95 %)
was added. The solution was refluxed under nitrogen atmosphere for 18 hours until the complete
conversion of the reagent (monitored by TLC). The resulting mixture was allowed to cool to room
temperature and the alcohol was evaporated. 30 mL of a saturated aqueous solution of NaHCO3
were added to the crude. The mixture was extracted with CH>Cl, (3x50 mL). The combined
organic layers were washed with saturated solution of NaHCO3 (3%x30 mL) and with water (2x30
mL). The organic phase was dried over Na>SOs, filtered and the solvent was evaporated to give
the product as a solid.

General procedure B

Pd(OAC), (2.2 mol%)

NHz MeSO3H (20 mol%) X CO2Me
+ /\COZMG >
R R NO

NO, t-BuONO, MeOH, anisole 2
0°C-rt,72h

The synthesis was performed following the procedure reported in the literature.'*?
To a solution of o-nitroaniline derivative (2 mmol) in MeOH (10 mL) at 0 °C was added ~-BuONO
(0.3 mL, 2.5 mmol). The resulting mixture was stirred for 30 minutes at 0 °C. To the reaction
mixture, kept at 0 °C through an ice cooling bath, were sequentially added a solution of methyl
acrylate (0.4 mL, 4.4 mmol) in MeOH (8 mL), Pd(OAc), (10 mg, 2.2 mol%), and a solution of
MeSOsH (26 pL, 20 mol%) in MeOH (4 mL). Eventually, anisole (1 mmol) was added dropwise.
The reaction mixture was allowed to reach 25 °C and stirred for 72 hours. The reaction mixture
was poured into 30 mL of saturated solution of NaHCO3. The mixture was then extracted with
CH>Cl; (3%x30 mL). Organic layers were washed with brine, dried over Na>SOs, filtered and the
solvent was evaporated. The crude was purified by flash chromatography using (hexane/AcOEt)
as the eluent to give the corresponding cross-coupled product.

(E)-methyl 3-(2-nitrophenyl)acrylate (3a)

NO

2
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The synthesis was performed according to general procedure A, starting from (E)-2-
nitrocinnamic acid and methanol.

The product was obtained as a pale-yellow solid (2.12 g, 10.2 mmol, 97% yield).
"H NMR (300 MHz, CDCls) 6 8.11 (d, J=15.8 Hz, 1H), 8.03 (d, J = 8.1 Hz, 1H), 7.72 — 7.60 (m,
2H), 759 - 749 (m, 1H), 637 (d, J = 158 Hz, 1H), 3.83 (s, 3H) ppm.
3C NMR (75 MHz, CDCls) § 166.6, 148.7, 140.5, 133.9, 130.9, 130.7, 129.5, 125.3, 123.2, 97.0,
52.4 ppm.

Elemental analysis calcd for Cio0HoNO4: C, 57.47; H, 4.38; N, 6.76, found: C, 57.67; H, 4.50; N,
6.75.

(E)-methyl 3-(4-bromo-2-nitrophenyl)acrylate (3b)

Br NO

2

The synthesis was performed according to general procedure B, starting from 4-bromo-2-
nitroaniline.

The product was obtained as a yellow solid after column chromatography using (hexane:AcOEt
= 80:20) as the eluent (413 mg, 1.4 mmol, 72% yield).

"H NMR (400 MHz, CDCl3) 6 8.18 (d, J= 1.9 Hz, 1H), 8.03 (d, J=15.8 Hz, 1H), 7.77 (dd, J =
8.3,1.9 Hz, 1H), 7.51 (d, /= 8.4 Hz, 1H), 6.37 (d, /= 15.8 Hz, 1H), 3.83 (s, 3H) ppm.

13C NMR (100 MHz, CDCl3) § 165.9, 148.6, 138.9, 136.5, 130.2, 129.4, 128.0, 123.8, 123 .4,
52.1 ppm.

Elemental analysis calcd for C1oHsBrNO4: C, 41.98; H, 2.82; N, 4.90, found: C, 41.83; H, 2.88;
N, 4.86.

(E)-methyl 3-(4-methyl-2-nitrophenyl)acrylate (3¢)

/@\/\/COQMe
NO

2
The synthesis was performed according to general procedure B, starting from 4-methyl-2-
nitroaniline.

The product was obtained as a white solid after column chromatography using (hexane:AcOEt =
75:25) as the eluent (375 mg, 1.7 mmol, 85% yield).

'H NMR (400 MHz, CDCls) & 8.07 (d, J = 15.8 Hz, 1H), 7.82 (s, 1H), 7.52 (d, J = 8.0 Hz, 1H),
7.44 (d,J=17.9 Hz, 1H), 6.33 (d, J= 15.8 Hz, 1H), 3.81 (s, 3H), 2.46 (s, 3H) ppm.
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3C NMR (100 MHz, CDCl3) § 166.3, 148.3, 141.4, 139.9, 134.2, 128.8, 127.6, 125.2, 122.1, 51.9,
21.1 ppm.

Elemental analysis calcd for C11H11NOs: C, 59.73; H, 5.01; N, 6.33, found: C, 59.78; H, 5.23; N,
6.33.

(E)-ethyl 3-(2-nitrophenyl)acrylate (3d)

@(\/coza
NO

2

The synthesis was performed according to general procedure A, starting from (E)-2-
nitrocinnamic acid and ethanol.

The product was obtained as a pale-yellow solid (2.0 g, 9.0 mmol, 87% yield).

"H NMR (400 MHz, CDCl3) § 7.99 (d, J=15.8 Hz, 1H), 7.92 (d, J= 7.9 Hz, 1H), 7.68 — 7.51
(m, 2H), 7.47 (m, 1H), 6.28 (d, /= 15.8 Hz, 1H), 4.18 (q, J= 7.1 Hz, 2H), 1.25 (t,J="7.1 Hz,
3H) ppm.

I3C NMR (101 MHz, CDCl3) § 165.6, 148.2, 139.6, 133.5, 130.3, 129.0, 124.7, 123.2, 60.7, 14.1
ppm.

Elemental analysis calcd for C11H11NOa4: C, 59.73; H, 5.01; N, 6.33, found: C, 59.85; H, 5.09; N,
6.40.

5.9.2. Synthesis of o-nitrostilbenes (3f-i and 3k-v)
Synthesis of (E)- and (£)-2-nitrostilbene (3f)

CHO
©i + @ . 18-Crown-6, K,CO4 @(\ @(\/Ph
PPhsBr - Bh 4
NG, DCM, 6h NO, NO

2
Reflux Z- isomer

E- isomer
3f (Z/E 1.5:1)

The synthesis was performed following the procedure reported in the literature.!4>144

In a dry 50 mL round bottomed flask, a solution of 2-nitrobenzaldehyde (604 mg, 4 mmol) in a
freshly distilled dichloromethane (24 mL) was added in addition to benzyltriphenylphosphonium
bromide (1.7 g, 4 mmol), potassium carbonate (608 mg, 4.4 mmol) and 18-crown-6 (190 mg, 0.72
mmol). The mixture was stirred under reflux for 6 hours then filtered and the filtrate was
concentrated. The residue was purified by silica gel column chromatography using Hexane:Ethyl
acetate (95:5) as eluent in order to separate the two isomers.

Both the target compounds were yellow solids (775 mg, 3.44 mmol, 86% yield)
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Characterization data for Z- isomer:

'H NMR (400 MHz, CDCls) & 8.13 — 8.05 (m, 1H), 7.45 — 7.34 (m, 2H), 7.28 (dd, J= 6.6, 3.1 Hz,
1H), 7.16 (dd, J = 6.5, 3.6 Hz, 3H), 7.11 — 7.02 (m, 2H), 6.90 (d, J = 12.1 Hz, 1H), 6.77 (d, J =
12.1 Hz, 1H).

3C NMR (100 MHz, CDCl3) § 136.0, 133.8, 133.2, 132.5, 132.0, 129.3, 128.4, 128.3, 127.7,
126.6, 124.8 ppm. Only one quaternary carbon was not detected.

Elemental Analysis calcd for C14H11NO; Calc.: C, 74.65; H, 4.92; N, 6.22, found: C, 74.85; H,
5.03; N, 6.41.

Characterization data for £- isomer:

'H NMR (400 MHz, CDCl3) § 7.97 (d, J = 8.2 Hz, 1H), 7.77 (d, J= 7.9 Hz, 1H), 7.66 — 7.51 (m,
4H), 7.40 (dd, J = 14.0, 7.1 Hz, 3H), 7.36 — 7.28 (m, 1H), 7.09 (d, J = 16.1 Hz, 1H) ppm.

3C NMR (100 MHz, CDCls) & 148.2, 136.6, 134.0, 133.2, 129.0, 128.8, 128.3, 128.1, 127.2,
124.9, 123.7 ppm. Only one quaternary carbon was not detected.

Elemental Analysis calcd for C14H11NO2: C, 74.65; H, 4.92; N, 6.22, found: C, 75.05; H, 5.09; N,
6.02.

Synthesis of (E)-4-methyl-2-nitro-1-styrylbenzene (3g) and (E)-1-methyl-2-nitro-3-
styrylbenzene (3h)

AN _ Pd(dba),, t-BUONO N
Me—l/ + > Me—y
NO, AcOH, CICH,COOH Z~No,
50 °C 3q. 3h
9,

The synthesis was performed following the procedure reported in the literature.!>’

In a 250 mL dry Schlenk flask methyl-2-nitroaniline (760 mg, 5.0 mmol), styrene (1.15 mL, 10.0
mmol) and monochloroacetic acid (10.0 g, 106 mmol) were dissolved in acetic acid (10 mL) under
N». The mixture was stirred until complete solubilization of the solids. Pd(dba), (144 mg, 0.25
mmol) was added, and the resulting mixture was heated at 50 °C for 45 min. A solution of tert-
butyl nitrite (0.65 mL, 5.5 mmol) in acetic acid (5 mL) was added dropwise for 20 min and the
reaction mixture was stirred for an additional 2 hours. The reaction was then neutralized with
saturated aqueous solution of sodium carbonate and extracted with dichloromethane (5x50 mL).
The combined organic layers were washed with water (3%50 mL) and brine (3x50 mL) then dried
over NaxSOy, filtered and the solvent evaporated under vacuum. The resulting crude was purified
by column chromatography (hexane:AcOEt) to give the product.

(E)-4-methyl-2-nitro-1-styrylbenzene (3g)
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Cr
Me N02

The product was obtained as a yellow solid after column chromatography (hexane:AcOEt = 95:5)
(715 mg, 3 mmol, 60% yield).

"H NMR (300 MHz, CDCls) § 7.77 (s, 1H), 7.65 (d, J = 8.0 Hz, 1H), 7.59 (m, 3H), 7.44 — 7.27
(m, 4H), 7.05 (d, J=16.1 Hz, 1H), 2.44 (s, 3H) ppm.

3C NMR (75 MHz, CDCls) & 148.3, 139.0, 137.1, 134.3, 133.4, 130.6, 129.2, 128.8, 128.3,
127.4,125.4,123.8, 21.3 ppm.

Elemental analysis calcd for C1sHi3NOz: C, 75.30; H, 5.48; N, 5.85, found: C, 75.41; H, 5.62; N,
5.86.

(E)-1-methyl-2-nitro-3-styrylbenzene (3h)

O
NO,

Me
The product was obtained as a yellow solid after column chromatography (hexane:AcOEt=90:10)
(395 mg, 1.7 mmol, 33% yield).
"H NMR (400 MHz, CDCl3) & 7.60 (d, J= 7.9 Hz, 1H), 7.48 (d, J= 7.2 Hz, 2H), 7.41 — 7.34 (m,
3H), 7.33 - 7.28 (m, 1H), 7.20 (d, J= 7.6 Hz, 1H), 7.14 (d, J=16.1 Hz, 1H), 6.97 (d, J=16.1 Hz,
1H), 2.34 (s, 3H) ppm.
13C NMR (100 MHz, CDCl3) § 150.7, 136.4, 133.9, 130.26, 130.22, 129.9, 129.8, 128.9, 128.7,
127.1,124.2,121.1, 17.5 ppm.
Elemental analysis calcd for CisHi3NO2: C, 75.30; H, 5.48; N, 5.85, found: C, 74.84; H, 5.52; N,
5.99.

Synthesis of (E)-2,4-dinitro-1-styrylbenzene (3i)

CH3; OHC Piperidine O
5 oo
O,N NO, * Toluene O
O2N

Reflux, 16 h. NO,

The synthesis was performed following the procedure reported in the literature.!*

In a dry 100 mL round bottom flask, 2,4-dinitrotoluene (5.4 g, 29.6 mmol), benzaldehyde (2.9 mL,
28 mmol) and 30 mL toluene were added. After complete solubilization of reactants, piperidine
(60 uL) was added and the reaction mixture was refluxed for 16 h. Toluene was then evaporated
and the observed brown residue washed with a mixture of toluene: petroleum ether (1:1), separated
by filtration and dried. The residue was then crystallized from methanol to give the product as
yellow solid (5.50 g, 20.4 mmol, 72%)
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"H NMR (400 MHz, CDCls) & 8.80 (d, J = 2.3 Hz, 1H), 8.42 (dd, J= 8.7, 2.3 Hz, 1H), 7.98 (d, J
= 8.7 Hz, 1H), 7.62 (d, J = 16.2 Hz, 1H), 7.59 — 7.53 (m, 2H), 7.48 — 7.35 (m, 3H), 7.28 (d, J =
16.2 Hz, 1H overlapped with CDCI3 signal) ppm.

13C NMR (100 MHz, CDCL3) § 147.6, 146.4, 138.9, 138.2, 135.6, 130.0, 129.2, 129.1, 127.7,
127.2, 121.4, 120.8 ppm.

Elemental analysis calcd for C14H10N2O4: C, 62.22; H, 3.73; N, 10.37, found: C, 62.26; H, 3.90;
N, 10.17.

General Wittig procedure for the synthesis of (3k, 31 and 30)

CHO
X 99 e B! @\ﬂ
+ +
PPhsBr - R
= NO, 3 =

CH20I2 N02

R

The synthesis was performed following the procedure reported in the literature.'*’

Ina dry 100 mL Schlenk flask, 2-nitrobenzaldehyde derivative (3.5 mmol) was dissolved in 50 mL
of anhydrous CH>Cl,. Then, benzyltriphenylphosphonium bromide (2.1 g, 4.85 mmol) was added.
After its solubilization, NaOH solution (170 mg in 1 mL of water) and tetrabutylammonium
bromide (5.0 g, 15.5 mmol) were added. The mixture was stirred at room temperature monitoring
the conversion of the starting aldehyde by TLC. At the end of the reaction 30 mL of water were
added and extracted with CH>Cl, (3x30 mL). The combined organic layers were dried over
Na>SO4 and the solvent was evaporated under reduced pressure. The product was isolated as a
yellow oil by column chromatography (hexane:AcOEt) which crystallize upon standing to give
the product as Z/F mixture.

(Z/E)- 1,2-dimethoxy-4-nitro-5-styrylbenzene (3k)
MeO NO,

The synthesis was performed according to the general procedure, starting from 4,5-dimethoxy-2-
nitrobenzaldehyde.

The product was obtained as a yellow solid after column chromatography (hexane:AcOEt = 85:15)
(983 mg, 3.4 mmol, 98% yield of both isomers).

Characterization data for Z- isomer:

'H NMR (400 MHz, CDCL3)  7.69 (s, 1H), 7.21 — 7.13 (m, 3H), 7.11 — 7.05 (m, 2H), 6.95 (d, J =
12.0 Hz, 1H), 6.75 (d, J = 12.0 Hz, 1H), 6.59 (s, 1H), 3.95 (s, 3H), 3.51 (s, 3H) ppm.

3C NMR (100 MHz, CDCls) & 152.8, 148.1, 140.4, 136.3, 131.1, 129.2, 128.5, 128.3, 127.6,
127.5, 113.5, 107.8, 56.4, 56.1 ppm.
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Elemental analysis calcd for C16HisNO4: C, C, 67.36; H, 5.30; N, 4.91, found: C, 67.26; H, 5.33;
N, 4.87.

Characterization data for £- isomer:

'H NMR (300 MHz, CDCL3) § 7.77 (dd, J = 16.1, 11.0 Hz, 1H), 7.63 (s, 1H), 7.55 (d, J= 7.2 Hz,
2H), 7.39 (t, J = 7.3 Hz, 3H), 7.10 (s, 1H), 6.98 (d, J = 16.1 Hz, 1H), 4.04 (s, 3H), 3.97 (s, 3H)

3C NMR (75 MHz, CDCl3) § 153.3, 148.4, 136.8, 132.7, 128.9, 128.6, 128.5, 127.1, 125.0, 109.5,
107.9, 56.59, 56.55 ppm. One quaternary carbon was not detected.

Elemental analysis calcd for CisHisNO4: C, C, 67.36; H, 5.30; N, 4.91, found: C, 67.36; H, 5.41;
N, 4.86.

(Z/E)- 5-nitro-6-styrylbenzo|d][1,3]dioxole (31)

0 NO,
The synthesis was performed according to the general procedure, starting from 6-nitropiperonal.

The product was obtained as a yellow solid after column chromatography (hexane:AcOEt=90:10)
(765 mg, 2.8 mmol, 80% yield of both isomers).

"H NMR (300 MHz, DMSO-ds) & 7.73 (s, 1H), 7.64 — 7.53 (m, 2H), 7.53 — 7.36 (m, 4H), 7.35 —
7.15 (m, 6H), 7.13 — 7.03 (m, 2H), 6.81 (d, J=12.0 Hz, 1H), 6.72 (d, /= 12.1 Hz, 1H), 6.65 (s,
1H), 6.26 (s, 2H), 6.20 (s, 2H) ppm.

13C NMR (75 MHz, DMSO-ds) § 151.8, 151.7, 147.3, 147.2, 142.0, 141.7, 136.5, 135.6, 132.5,
130.4, 129.9, 129.1, 128.8, 128.7, 128.4, 128.4, 127.5, 127.2, 126.8, 123.4, 109.7, 106.2, 105.04,
104.9, 103.4, 103.4 ppm.

Elemental analysis calcd for CisH11NO4: C, 66.91; H, 4.12; N, 5.20, found: C, 66.81; H, 4.27; N,
5.30.

(Z/E)- N,N-dimethyl-3-nitro-4-styrylaniline (30)

ot
Me,N NO

2

The synthesis was performed according to the general procedure, starting from 4-(dimethylamino)-
2-nitrobenzaldehyde.

The product was obtained as a red solid after column chromatography (hexane:AcOEt = 90:10)
(857 mg, 3.2 mmol, 91% yield of both isomers). Only Z-isomer was used for the catalytic reaction.

Characterization data for Z- isomer:
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"H NMR (400 MHz, CDCl3) 6 7.32 (d, J = 2.7 Hz, 1H), 7.24 — 7.13 (m, 5H), 7.11 (d, J = 8.7 Hz,
1H), 6.81 (d, J=12.0 Hz, 1H), 6.68 (dd, J = 8.7, 2.7 Hz, 1H), 6.62 (d, J = 12.0 Hz, 1H), 3.00 (s,
6H) ppm.

3C NMR (100 MHz, CDCl3) & 149.7, 149.0, 136.7, 132.6, 129.9, 129.1, 128.2, 127.1, 126.80,
120.1, 116.4, 106.6, 40.1 ppm.

Elemental analysis calcd for CisHisN202: C, 71.62; H, 6.01; N, 10.44, found: C, 71.21; H, 5.92;
N, 10.25.

Characterization data for £- isomer:

'H NMR (400 MHz, CDCls) § 7.64 (d, J = 8.8 Hz, 1H), 7.53 — 7.45 (m, 3H), 7.35 (, /= 7.6 Hz,
2H), 7.29 — 7.23 (m, 1H), 7.19 (d, J = 2.7 Hz, 1H), 6.99 — 6.91 (m, 2H), 3.05 (s, 6H) ppm.

3C NMR (100 MHz, CDCls) & 149.6, 149.2, 137.4, 130.1, 128.8, 128.7, 127.9, 126.8, 123.6,
120.5, 116.9, 107.2, 40.6 ppm.

Elemental analysis calcd for C16H1sN202: C, 71.62; H, 6.01; N, 10.44, found: C, 71.53; H, 6.08;
N, 10.64.

Synthesis of (E)-4-(2-nitrostyryl)phenol (3m)

OHC OH
O Piperidine O
_ N
OH +
170°C, 1 h

NO,
OH - CO,- Hy0 NO,

The synthesis was performed following the procedure reported in the literature.'*’

In a dry round bottomed flask add 2-nitrophenylacetic acid (1.00 g, 5.50 mmol), 4-
hydroxybenzaldehyde (755 mg, 6.10 mmol) and 10 drops of piperidine. The mixture was heated
to 170 "C while stirring. At this temperature, CO> bubbles start to form. Heating was maintained
until the end of CO; evolution from the reaction mixture (about 1 hour). After letting cool to room
temperature, a brown oily product was obtained. Hexane (10 mL) was added, and the crude filtered
on filter paper. The filtrate was collected, and the solvent was evaporated. The dark sticky solid
obtained was recrystallized from water : ethanol : hexane (5:2:1) to afford the product 3m as yellow
crystals (490 mg, 2.03 mmol, 37 % yield).

"H NMR (400 MHz, CDCl3) 8 7.94 (dd, J= 8.2, 1.2 Hz, 1H), 7.75 (d, J= 7.9 Hz, 1H), 7.58 (t, J =
8.0 Hz, 1H), 7.50 — 7.41 (m, 3H), 7.40 — 7.33 (m, 1H), 7.04 (d, /= 16.1 Hz, 1H), 6.89 — 6.81 (m,
2H), 4.97 (br, 1H) ppm.

3C NMR (100 MHz, CDCl3) & 156.2, 148.1, 133. 6, 133.4, 133.2, 129.7, 128.8, 128.0, 127.7,
124.9,121.4, 115.9 ppm.

Elemental analysis calcd for Ci4H11NO3 Calc.: C, 69.70; H, 4.60; N, 5.81, found: C, 69.55; H,
4.63; N, 5.77.
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Synthesis of (E)-3-nitro-4-styrylaniline (3n)

/@\/\/Ph Na,S.9H,0, NaHCO3 /E;(\/Ph
O5N NO

2 MeOH/Hzo H2N N02

The synthesis was performed following the procedure reported in the literature.'?’

In a dry 10 mL two neck round bottomed flask 2,4-dinitrostilbene, 3i (300 mg, 1.1 mmol) was
refluxed with methanol (5 mL) for 1 h. A solution of sodium sulfide nonahydrate (533 mg, 2.2
mmol) and sodium bicarbonate (149 mg, 1.8 mmol) in water (1.3 mL) was heated and added
gradually during 20 min to the reaction. After 2 hours, a red precipitate was obtained and collected
by Biichner filtration and washed with methanol. The precipitate was purified by silica gel column
chromatography using (hexane:AcOEt = 70:30 + 1% Et3N) as the eluent to give the product 3n as
red crystalline solid (71 mg, 0.3 mmol, 27% yield)

'H NMR (400 MHz, CDCl3) 6 7.57 (d, J = 8.5 Hz, 1H), 7.53 — 7.46 (m, 3H), 7.36 (t,J = 7.5 Hz,
2H), 7.28 (d, J = 7.3 Hz, 1H, overlapped with CDCl; signal), 7.21 (d, /= 2.5 Hz, 1H), 6.94 (d, J
=16.1 Hz, 1H), 6.88 (dd, J=8.5, 2.5 Hz, 1H), 3.99 (s, 2H) ppm.

3C NMR (100 MHz, CDCls) & 149.0, 146.5, 137.2, 130.8, 129.2, 128.9, 128.1, 126.9, 123.7,
122.9, 119.7, 109.9 ppm.

Elemental analysis calcd for Ci14H12N202: C, 69.99; H, 5.03; N, 11.66, found: C, 69.81; H, 5.15;
N, 11.47.

General Knoevenagel procedure for the synthesis of (3p-r and 3u)

CN CN

OHC pyrrolidine XA
* “Ar/Het -
NO MeOH, RT NO

2 2

The synthesis was performed following the procedure reported in the literature.>>-¢!

2-Nitrophenylacetonitrile (750 mg, 4.63 mmol) and the desired benzaldehyde (4.63 mmol) were
dissolved in methanol (8 mL). Then, 760 pL of pyrrolidine was added and the reaction mixture
maintained under stirring at room temperature. Complete conversion of the starting materials was
checked by TLC. After a reaction completion, the product precipitated and was collected by
filtration through a Biichner funnel.

(Z)-3-(4-chlorophenyl)-2-(2-nitrophenyl)acrylonitrile (3p)

I
CN c

C
NO,
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The synthesis was performed according to the general procedure, starting from 4-
chlorobenzaldehyde.

The product was obtained as a white solid after the filtration (1.0 g, 3.5 mmol, 79% yield).
"H NMR (300 MHz, CDCls) § 8.13 (dd, J = 8.0, 1.0 Hz, 1H), 7.82 (d, J = 8.6 Hz, 2H), 7.73 (td, J
=17.6, 1.2 Hz, 1H), 7.62 (td, J = 7.5, 1.4 Hz, 1H), 7.55 (d, J = 7.6 Hz, 1H), 7.46 (d, J = 8.6 Hz,
2H), 7.13 (s, 1H) ppm.

3C NMR (75 MHz, CDCl3) § 147.9, 144.8, 137.4, 134.1, 131.9, 131.5, 130.9, 130.68, 130.63,
129.5,125.5, 116.4, 109.3 ppm.

Elemental analysis calcd for C1sHoCIN2O2: C, 63.28; H, 3.19; N, 9.84, found: C, 63.06; H, 3.20;
N, 9.85.

(Z)-2-(2-nitrophenyl)-3-(p-tolyl)acrylonitrile (3q)

M
CN ©

L.
NO,
The synthesis was performed according to the general procedure, starting from 4-
methylbenzaldehyde.
The product was obtained as a white solid after the filtration (1.1 g, 4 mmol, 89% yield).

'H NMR (300 MHz, CDCl3) § 8.10 (d, J = 8.1 Hz, 1H), 7.79 (d, /= 8.1 Hz, 2H), 7.71 (t, J=7.5
Hz, 1H), 7.58 (dd, J = 16.3, 8.3 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 7.14 (s, 1H), 2.42 (s, 3H) ppm.

3C NMR (75 MHz, CDCl3) § 148.3, 146.7, 142.4, 134.1, 132.2, 131.6, 130.7, 130.5, 130.2, 129.8,
125.7,117.1, 107.5, 22.0 ppm.

Elemental analysis calcd for C16H12N2O2: C, 72.72; H, 4.58; N, 10.60, found: C, 72.48; H, 4.68;
N, 10.63.

(Z2)-3-(1-methyl-1H-pyrrol-2-yl)-2-(2-nitrophenyl)acrylonitrile (3r)

CN I \
NN
Me
NO,

The synthesis was performed according to the general procedure, starting from 1-methyl-1H-
pyrrole-2-carbaldehyde.

The product was obtained as a yellow solid after the filtration (702 mg, 2.8 mmol, 60% yield).
"H NMR (300 MHz, CDCI3) § 7.97 (d, J = 7.7 Hz, 1H), 7.66 (t, J = 8.1 Hz, 1H), 7.53 (t,J = 6.9
Hz, 3H), 7.02 (s, 1H), 6.84 (s, 1H), 6.32 (q, 1H), 3.68 (s, 3H) ppm.
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3C NMR (75 MHz, CDCl3) § 148.6, 133.6, 133.2, 131.9, 131.3, 129.8, 128.3, 128.2, 125.4, 117.9,
115.5,110.8, 99.9, 34.4 ppm.

Elemental analysis calcd for C14H11N302: C, 66.40; H, 4.38; N, 15.59, found: C, 66.72; H, 4.18;
N, 15.44.

(2Z,4E)-2,5-bis(2-nitrophenyl)penta-2,4-dienenitrile (3u)

CN
o
NO, NO,

The synthesis was performed according to the general procedure, starting from 2-
nitrocinnamaldehyde.

The product was obtained as a yellow solid after the filtration (707 mg, 2.2 mmol, 48% yield).
"H NMR (400 MHz, DMSO-ds) 6 8.16 (d, J = 8.1 Hz, 1H), 8.10 — 8.02 (m, 2H), 7.88 (t, J = 7.6
Hz, 1H), 7.84 — 7.72 (m, 4H), 7.67 (d, J = 7.7 Hz, 1H), 7.62 (d, J = 15.0 Hz, 1H), 7.28 (dd, J =
15.0, 11.1 Hz, 1H) ppm.

3C NMR (100 MHz, DMSO-ds) § 148.2, 147.2, 146.9, 137.4, 134.5, 133.8, 131.9, 131.1, 130.5,
129.84, 128.8, 128.4, 128.1, 125.3, 124.7, 115.1, 110.6 ppm.

Elemental analysis calcd for C17H11N304: C, 63.55; H, 3.45; N, 13.08, found: C, 63.40; H, 3.33;
N, 12.97.

Synthesis of (E)-3-nitro-4-styrylpyridine (3s)

S OHC Piperidine
| X
N~ + |
NO, MeOH, reflux N_
NO,

The synthesis was performed following the procedure reported in the literature.?
4-Methyl-2-nitropyridine (590 mg, 6.22 mmol), benzaldehyde (634 pL, 6.22 mmol) and piperidine
(307 pL, 3.11 mmol) were added to 10 mL of distilled methanol. After 10 h of reflux a yellow solid
precipitated. The precipitate was filtered through a Biichner funnel and washed with cold
methanol. The product was obtained as a yellow solid (753 mg, 3.3 mmol, 54 % yield).

"H NMR (300 MHz, DMSO-ds) § 9.15 (s, 1H), 8.82 (d, J = 5.2 Hz, 1H), 8.02 (d, J= 5.2 Hz, 1H),
7.72 -7.62 (m, 3H), 7.53 (d, J=16.3 Hz, 1H), 7.49 — 7.36 (m, 3H) ppm.

13C NMR (75 MHz, DMSO-ds) § 154.0, 146.7, 144.6, 140.2, 138.3, 136.5, 130.4, 129.8, 128.5,
122.1, 121.3 ppm.

Elemental analysis calcd for C11H10N202: C, 69.02; H, 4.46; N, 12.38, found: C, 68.76; H, 4.49;
N, 12.34.
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Synthesis of (E)-2-(5-fluoro-2-nitrostyryl)pyridine (3t).

F CHO N Ac,0, 140 °C F NSy
+ | -
NO, N Overnight

NO,

The synthesis was performed following the procedure reported in the literature.!>

A Schlenk flask was charged with 5-fluoro-2-nitrobenzaldehyde (1 g, 6 mmol), 2-picoline (782
mg, 8.4 mmol) and acetic anhydride (2 mL) at room temperature. The resulting mixture was
refluxed overnight under nitrogen atmosphere. A fter reaction completion, the mixture was distilled
at 50 °C under reduced pressure to remove acetic anhydride and unreacted 2-picoline. The resulting
crude was filtered on silica gel using (hexane:AcOEt 70:30 to 60:40) as the eluent to give the final
product as yellow solid (1 g, 4.1 mmol, 69% yield).

'H NMR (400 MHz, CDCl3) § 8.62 (d, J= 4.1 Hz, 1H), 8.10 — 7.99 (m, 2H), 7.69 (td, J= 7.7, 1.7
Hz, 1H), 7.50 — 7.40 (m, 2H), 7.21 (ddd, J = 7.5, 4.8, 0.8 Hz, 1H), 7.16 — 7.06 (m, 2H) ppm.
3C NMR (100 MHz, CDCl3): & 164.9 (d, 'Jcr=256.3 Hz), 154.5, 150.1, 144.4, 136.8, 136.0 (d,
3Jcr=9.3 Hz), 134.4, 127.9 (d, *Jcr= 10 Hz), 127.1, 123.3, 122.6, 115.71 (d, °Jc.r = 23.6 Hz),
115.17 (d, *Jcr = 24.2 Hz) ppm.

“F NMR (376 MHz, CDCls) & -103.78 (s) ppm.

Elemental analysis calcd for C13HoFN>O2: C, 63.93; H, 3.71; N, 11.47, found: C, 64.27; H, 3.78;
N, 11.39.

Synthesis of 2,6-bis((E)-2-nitrostyryl)pyridine (3v)

@ECHO 5 Ac,0, 140 °C
+ -
NO, N”

24 h.

NO, O,N

The synthesis was performed following the procedure reported in the literature.'*°

In a 25 mL Schlenk flask o-nitrobenzaldehyde (1.43 g, 9.46 mmol) and 2,6-lutidine (330 pL, 2.85
mmol) were dissolved in 2 mL of acetic anhydride. After 24 h of reflux a yellow solid precipitated.
It was filtered through a Biichner funnel and washed with cold hexane. The product was obtained
as a yellow solid (726 mg, 2 mmol, 68 % yield).

"H NMR (300 MHz, DMSO-d5) & 8.09 — 7.96 (m, 6H), 7.88 (t, J = 7.7 Hz, 1H), 7.78 (t, J = 7.6
Hz, 2H), 7.64 — 7.51 (m, 4H), 7.41 (d, J = 15.8 Hz, 2H) ppm.

13C NMR (75 MHz, DMSO-ds) § 154.90, 149.14, 138.82, 134.35, 133.67, 131.88, 130.13, 129.26,
127.62, 125.37, 123.41 ppm.
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Elemental analysis calcd for C21Hi15N304: C, 67.56; H, 4.05; N, 11.25, found: C, 67.82; H, 4.19;
N, 10.90.

5.9.3. Synthesis of o-nitrochalcones (3w-ae)

General Claisen-Schmidt procedure for synthesis of (3w-ae)

o
CHO
R1 . NaOH B N
: Ry —— Ry | R

The synthesis was performed following the procedure reported in the literature.'*
In a dry 10 mL round bottomed flask 2-nitrobenzaldehyde derivative (2.5 mmol) was stirred
vigorously with potassium carbonate (0.2 mmol) and sodium hydroxide (0.2 mmol). At room
temperature acetophenone derivative (2.5 mmol) was added dropwise. After 1 hour, 15 mL of
water and 15 mL of ethyl acetate were added. The organic layer separated, and the aqueous phase
extracted with ethyl acetate (3x15 mL). The combined organic layer was washed with water (3x50
mL) and brine (1x50 mL), dried over Na,SOs, filtered and the organic solvent removed under
reduced pressure to afford the crude product. The crude was recrystallized from ethanol or purified

by column chromatography to give the final product.
(E)-3-(2-nitrophenyl)-1-phenylprop-2-en-1-one (3w)
0]

O C
NO,

The synthesis was performed according to the general procedure, starting from 2-
nitrobenzaldehyde and acetophenone.

The product was obtained as a white solid after column chromatography using (hexane:AcOEt =
80:20) as the eluent (350 mg, 1.4 mmol, 56% yield).

'H NMR (300 MHz, CDCl3) § 8.16 (d, J= 15.7 Hz, 1H), 8.10 (d, J= 7.9 Hz, 1H), 8.04 (d, J="7.1
Hz, 2H), 7.81 — 7.67 (m, 2H), 7.58 (m, 4H), 7.34 (d, J = 15.7 Hz, 1H) ppm.

13C NMR (75 MHz, CDCls) & 190.9, 148.9, 140.5, 137.8, 133.9, 133.5, 131.7, 130.7, 129.6, 129.0,
128.4, 127.8, 125.4 ppm.

Elemental analysis calcd for CisH11NOs: C, 71.14; H, 4.38; N, 5.53, found: C, 71.46; H, 4.19; N,
5.31.

(E)-3-(5-chloro-2-nitrophenyl)-1-phenylprop-2-en-1-one (3x).
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ROOA®
NO,

The synthesis was performed according to the general procedure, starting from 5-chloro-2-
nitrobenzaldehyde and acetophenone.

The product was obtained as a yellow solid after crystallization from ethanol (398 mg, 1.4 mmol,
55% yield).

'H NMR (400 MHz, CDCl3) § 8.11 (d, J = 15.7 Hz, 1H), 8.06 (d, J = 8.8 Hz, 1H), 8.04 — 8.00 (m,
2H), 7.70 (d, J = 2.2 Hz, 1H), 7.62 (t, /= 7.4 Hz, 1H), 7.57 — 7.49 (m, 3H), 7.33 (d, /= 15.6 Hz,
1H) ppm.

3C NMR (100 MHz, CDCls) & 190.0, 146.8, 140.3, 139.1, 137.3, 133.5, 133.5, 130.3, 129.3,
129.0, 128.9, 128.3, 126.7 ppm.

Elemental analysis calcd for C1sH10CINO3: C, 62.62; H, 3.50; N, 4.87, found: C, 62.46; H, 3.68;
N, 4.72.

(E)-3-(5-bromo-2-nitrophenyl)-1-phenylprop-2-en-1-one (3y)
o

ROSAS®
NO,

The synthesis was performed according to the general procedure, starting from 5-bromo-2-
nitrobenzaldehyde and acetophenone.

The product was obtained as a green solid after crystallization from ethanol (413 mg, 1.2 mmol,
50% yield).

'H NMR (400 MHz, CDCls) & 8.09 (d, J = 15.6 Hz, 1H), 8.05 — 7.99 (m, 2H), 7.96 (d, J = 8.7 Hz,
1H), 7.86 (d, J = 2.0 Hz, 1H), 7.68 (dd, J = 8.7, 2.0 Hz, 1H), 7.61 (t, J= 7.4 Hz, 1H), 7.52 (t, J =
7.5 Hz, 2H), 7.32 (d, J = 15.6 Hz, 1H) ppm.

3C NMR (100 MHz, CDCl3) & 190.0, 147.2, 138.9, 137.3, 133.5, 133.4, 133.3, 132.3, 128.9,
128.9, 128.6, 128.2, 126.6 ppm.

Elemental analysis calcd for CisH10BrNOs: C, 54.24; H, 3.03; N, 4.22, found: C, 54.23; H, 3.18;
N, 4.29.

(E)-3-(5-fluoro-2-nitrophenyl)-1-phenylprop-2-en-1-one (3z)
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OGRS
NO,
The synthesis was performed according to the general procedure, starting from 5-fluoro-2-

nitrobenzaldehyde and acetophenone.

The product was obtained as a yellow solid after crystallization from ethanol (305 mg, 1.1 mmol,
45% yield).

'H NMR (400 MHz, CDCl3) § 8.20 — 8.09 (m, 2H), 8.05 — 7.98 (m, 2H), 7.64 — 7.59 (m, 1H), 7.52
(t, J=7.5 Hz, 2H), 7.41 (dd, J = 8.8, 2.7 Hz, 1H), 7.31 (d, J = 15.7 Hz, 1H), 7.26 — 7.19 (m, 1H)

13C NMR (100 MHz, CDCls) § 190.2, 166.3, 163.7, 139.4, 137.3, 134.9 (d, *Je/= 9.1 Hz), 133.5,
128.9, 128.3, 128.2, 128.1, 117.4, 117.2, 116.4, 116.1 ppm.

19F NMR (376 MHz, CDCl) 5 -102.93 (s) ppm.

Elemental analysis calcd for C1sHi1oFNOs: C, 66.42; H, 3.72; N, 5.16, found: C, 66.36; H, 3.87; N,
5.36.

(E)-3-(5-methoxy-2-nitrophenyl)-1-phenylprop-2-en-1-one (3aa)
O

O
NO,

The synthesis was performed according to the general procedure, starting from 5-methoxy-2-
nitrobenzaldehyde and acetophenone.

The product was obtained as a yellow solid after crystallization from ethanol (413 mg, 1.5 mmol,
50% yield).

"H NMR (400 MHz, CDCl3) & 8.18 (d, J= 15.7 Hz, 1H), 8.13 (d, /= 9.1 Hz, 1H), 8.04 — 7.97 (m,
2H), 7.58 (t, J= 7.4 Hz, 1H), 7.49 (t, J= 7.5 Hz, 2H), 7.21 (d, /= 15.6 Hz, 1H), 7.08 (d, J = 2.7
Hz, 1H), 6.98 (dd, J=9.1, 2.7 Hz, 1H), 3.93 (s, 3H) ppm.

13C NMR (100 MHz, CDCls) & 190.9, 163.6, 141.6, 141.3, 137.5, 134.6, 133.2, 128.9, 128.8,
127.9, 127.4, 114.8, 114.5, 56.2 ppm.

Elemental analysis calcd for CisH13NO4: C, 67.84; H, 4.63; N, 4.94. Found: C, 67.72; H, 4.77; N,
4.89.

(E)-3-(4-(dimethylamino)-2-nitrophenyl)-1-phenylprop-2-en-1-one (3ab)
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The synthesis was performed according to the general procedure, starting from 4-dimethylamino-
2-nitrobenzaldehyde and acetophenone.

The product was obtained as a red solid after crystallization from ethanol (482 mg, 1.6 mmol, 65%
yield).

"H NMR (400 MHz, CDCl3) § 8.03 (d, J=15.6 Hz, 1H), 7.98 (d, J = 7.8 Hz, 2H), 7.66 (d, J = 8.9
Hz, 1H), 7.57 (t, J= 7.2 Hz, 1H), 7.49 (t, J = 7.5 Hz, 2H), 7.25 (d, J = 15.6 Hz, 1H, overlapped
with CDCls signal), 7.14 (d, J= 2.6 Hz, 1H), 6.86 (dd, J= 8.9, 2.6 Hz, 1H), 3.08 (s, 6H) ppm.

3C NMR (100 MHz, CDCl3) & 191.0, 151.5, 150.9, 140.1, 138.3, 132.7, 129.6, 128.7, 128.7,
122.8, 116.6, 115.6, 106.9, 40.3 ppm.

Elemental analysis calcd for C17H16N203: C, 68.91; H, 5.44; N, 9.45. Found: C, 68.58; H, 5.40; N,
9.68.

(E)-1-(4-fluorophenyl)-3-(5-methoxy-2-nitrophenyl)prop-2-en-1-one (3ac)

@)
NO, F

The synthesis was performed according to the general procedure, starting from 5-methoxy-2-
nitrobenzaldehyde and 4-fluoro-acetophenone.

The product was obtained as a yellow solid after crystallization from ethanol (300 mg, 1.0 mmol,
40% yield).

'H NMR (400 MHz, CDCl5) 3 8.20 (d, J = 6.8 Hz, 1H), 8.17 (s, 1H), 8.10 — 8.02 (m, 2H), 7.23 —
7.11 (m, 3H), 7.08 (d, J = 2.7 Hz, 1H), 7.01 (dd, J = 9.1, 2.8 Hz, 1H), 3.95 (s, 3H) ppm.

13C NMR (100 MHz, CDCls) & 189.6, 165.9 (d, “Je = 255.3 Hz), 163.7, 141.9, 134.6, 133.9 (d,
Je r=3Hz), 131.7 (d, Je.r=9.3 Hz), 128.0, 127.3, 116.0 (d, 2Jc = 21.9 Hz), 114.9, 114.6, 56.3

9F NMR (376 MHz, CDCl3) § -104.89 (dq, J = 8.4, 5.5 Hz) ppm.

Elemental analysis calcd for CisH12FNO4: C, 63.79; H, 4.01; N, 4.65. Found: C,64.03; H,4.26;
N,4.84.

(E)-1-(4-methoxyphenyl)-3-(2-nitrophenyl)prop-2-en-1-one (3ad)
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The synthesis was performed according to the general procedure, starting from 2-
nitrobenzaldehyde and 4-methoxy-acetophenone.

The product was obtained as a yellow solid after crystallization from ethanol (415 mg, 1.5 mmol,
50% yield).

'H NMR (400 MHz, CDCl3) § 8.10 (d, J = 15.6 Hz, 1H), 8.04 (t, J = 8.6 Hz, 3H), 7.74 (d, J= 7.7
Hz, 1H), 7.67 (t, J= 7.5 Hz, 1H), 7.55 (td, J= 8.0, 1.3 Hz, 1H), 7.32 (d,J = 15.6 Hz, 1H), 6.99 (d,
J=8.9 Hz, 2H), 3.89 (s, 3H) ppm.

3C NMR (100 MHz, CDCl3): § 188.8, 163.9, 148.7, 139.3, 133.6, 131.7, 131.3, 130.5, 130.3,
129.4,127.5,125.1, 114.1, 55.7 ppm.

Elemental analysis calcd for Ci¢Hi3NO4: C, 67.84; H, 4.63; N, 4.94. Found: C, 67.74; H4.71;
N,4.90.

(E)-1-(furan-2-yl)-3-(2-nitrophenyl)prop-2-en-1-one (3ae)

0]

X =

0/
NO,

The synthesis was performed according to the general procedure, starting from 2-
nitrobenzaldehyde and 1-(furan-2-yl)ethanone.

The product was obtained as a white solid after column chromatography using (hexane:AcOEt =
80:20) as the eluent (261 mg, 1.1 mmol, 43% yield).

"H NMR (400 MHz, CDCls) § 8.24 (d, J=15.7 Hz, 1H), 8.05 (dd, J = 8.2, 1.1 Hz, 1H), 7.75 (dd,
J=17.28,1.1 Hz, 1H), 7.70 — 7.63 (m, 2H), 7.61 — 7.52 (m, 1H), 7.37 (dd, J= 3.6, 0.5 Hz, 1H), 7.29
(d,J=15.7 Hz, 1H), 6.61 (dd, J= 3.6, 1.7 Hz, 1H) ppm.

13C NMR (100 MHz, CDCLs) & 177.5, 153.3, 148.8, 147.1, 139.3, 133.6, 131.3, 130.5, 129.4,
126.5, 125.1, 118.5, 112.9 ppm.

Elemental analysis calcd for Ci3HoNO4: C, 64.20; H, 3.73; N, 5.76. Found: C,64.31; H,3.75;
N,5.81.

5.9.4. Synthesis of (E)-3-(2-nitrophenyl)prop-2-en-1-ol (3ag)
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©\/\/CHO MeOH, NaBH, ©\/vo|4
NO, 0°Ctor.t NO,

The synthesis was performed following the procedure reported in the literature.'®?
In a dry 250 mL round bottom Schlenk flask, a solution of 2-nitrocinnamaldehyde (4.00 g, 22.6
mmol) in 50 mL of freshly distilled methanol was added in an ice bath. NaBHs (940 mg,
24.8 mmol) was added in portions under dinitrogen atmosphere. The reaction mixture was stirred
for 15 min at 0 °C, then for 30 min at room temperature. After the completion of reaction,
monitored by TLC analysis, distilled water was added (20 mL) and the reaction mixture was stirred
for 1 h at room temperature. The resulting mixture was concentrated under reduced pressure to
remove MeOH. The resulting aqueous layer was extracted with CH>Cl> (5%20 mL). The combined
organic layers were washed with brine (3 x 30 mL), dried over anhydrous Na;SOj4, and the solvent
was removed under reduced pressure to give the product as a pale-yellow solid (4.00 g, 22.3 mmol,
99 % yield).
"H NMR (400 MHz, CDCl3) § 7.87 (dd, J = 8.2, 1.1 Hz, 1H), 7.64 — 7.46 (m, 2H), 7.36 (ddd, J =
8.5,7.2,1.7Hz, 1H), 7.05 (dt, J=15.7, 1.6 Hz, 1H), 6.32 (dt, J=15.7, 5.3 Hz, 1H), 4.35 (t,J =
4.1 Hz, 2H), 2.50 (t, J= 4.8 Hz, 1H) ppm.
3C NMR (100 MHz, CDCls) & 147.8, 134.3, 133.2, 132.6, 128.8, 128.2, 125.7, 124.5, 63.2 ppm.
Elemental analysis calcd for CoHoNOs: C, 60.33; H, 5.06; N, 7.82, found: C, 60.70; H, 5.01; N,
7.44.

5.9.5. Synthesis of (E)-3-(2-nitrophenyl)allyl acetate (3ah)

@(\/\OH Py, DMAP, Ac,0 . ©\/\/\OAC
NO 15h,0°Ctor.t NO

2 2

The synthesis was performed following the procedure reported in the literature.®

In a dry 50 mL round bottom Schlenk flask, a solution of 3ag (2.0 g, 11.0 mmol) and
dimethylaminopyridine (11 mg) in 7 mL of pyridine was added Ac,0 (1.45 g, 14.3 mmol) at 0 °C
then the mixture was stirred at room temperature for 15 h. The resulting mixture was poured into
water, then extracted with diethyl ether (3x20 mL). The combined organic layers were washed
with 10% HCI (3x20 mL), water (3x20 mL) and dried over anhydrous Na>SOg, filtered and the
solvent was evaporated under reduced pressure to give the product as a yellow solid (2.38 g, 10.76
mmol, 96% yield).

"H NMR (400 MHz, CDCl3) § 7.90 (d, J = 8.1 Hz, 1H), 7.60 — 7.49 (m, 2H), 7.43 — 7.33 (m, 1H),
7.09 (d, J=15.8 Hz, 1H), 6.23 (dt, J = 15.8, 5.9 Hz, 1H), 4.73 (d, J = 5.9 Hz, 2H), 2.08 (s, 3H)
ppm.

13C NMR (100 MHz, CDCl3) § 170.7, 147.8, 133.2, 132.0, 128.79, 128.75, 128.6 (the signals of
two CH overlap), 124.6, 110.0, 64.3, 20.9 ppm.
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Elemental analysis calcd for C11H11NO4: C, 59.73; H, 5.01; N, 6.33, found: C, 59.94; H, 5.11; N,
5.96.

5.9.6. Synthesis of (E)-N,N-dimethyl-2-(2-nitrophenyl)ethenamine (3aj)

Me —Q DMF ~_NMe,
+ >—N\ ©\/\/
NO, —0 140 °C, 24 h. NO

2

The synthesis was performed following the procedure reported in the literature.'*164

In a dry Schlenk flask, a solution of 2-nitrotoluene (1.4 g, 10.0 mmol) and N,N-dimethyl-
formamide dimethyl acetal (1.8 g, 15.0 mmol) in 10 mL of DMF was prepared under dinitrogen
and heated at 140 °C for 24 hours. The dark reaction mixture was concentrated by first removing
the lower boiling point components and then distilling the unreacted 2-nitrotoluene at 70 °C under
reduced pressure to give the product as a dark red liquid (1.78 g, 9.3 mmol, 91% yield).
"H NMR (400 MHz, CDCl3) & 7.80 (d, J = 8.3 Hz, 1H), 7.42 (d, J = 8.2 Hz, 1H), 7.30 (t,J = 7.6
Hz, 1H), 6.98 — 6.94 (m, 1H), 6.91 (d, J=13.5 Hz, 1H), 5.83 (d, /J=13.4 Hz, 1H),2.94 - 2.79 (m,
6H) ppm.

13C NMR (100 MHz, CDCl3): § 145.1, 144.7, 135.9, 132.5, 125.4, 124.4, 122.4,91.2, 40.7 ppm.
5.10. Characterization data for indoles (4a-g), (4i-m) and (40-ai)

methyl 1H-indole-2-carboxylate (4a)

©\/\>7002Me
N

H

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
90:10 + 1% Et3N), (92 mg, 0.52 mmol, 97% yield, conditions A), (81 mg, 0.46 mmol, 93% yield,
conditions B).

"H NMR (400 MHz, CDCls) § 9.04 (s, 1H), 7.70 (dd, J= 8.1, 0.8 Hz, 1H), 7.44 (dd, J= 8.3, 0.8
Hz, 1H), 7.33 (ddd, J= 8.3, 7.0, 1.1 Hz, 1H), 7.24 (dd, J = 2.0, 0.8 Hz, 1H), 7.16 (ddd, J = 8.0,
7.0, 1.0 Hz, 1H), 3.96 (s, 3H) ppm.

BC NMR (100 MHz, CDCl3) § 162.6, 137.0, 127.6, 127.3, 125.6, 122.8, 121.0, 112.0, 109.0, 52.2
ppm.

Elemental analysis caled for Ci14Hi1N: C, 87.01; H, 5.74; N, 7.25, found: C, 86.85; H, 5.80; N,
7.30.

methyl 6-bromo-1H-indole-2-carboxylate (4b)
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mCOZMe
Br N

H

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
95:5t0 90:10 + 1% Et3N), (121 mg, 0.48 mmol, 95% yield, conditions B).

'"H NMR (400 MHz, CDCI3) § 9.05 (s, 1H), 7.60 (s, 1H), 7.55 (d, J= 8.6 Hz, 1H), 7.26 (dd, J =
8.5, 1.7 Hz, 1H, overlapped with CDClI5 signal), 7.19 (dd, J=2.1, 0.9 Hz, 1H), 3.96 (s, 3H) ppm.

3C NMR (100 MHz, CDCl3) § 162.3, 137.6, 127.9, 126.4, 124.6, 124.0, 119.4, 114.9, 109.0, 52.3
ppm.

Elemental analysis calcd for C10HsBrNOy: C, 47.27; H, 3.17; N, 5.51, found: C, 47.64; H, 3.32;
N, 5.44.

methyl 6-methyl-1H-indole-2-carboxylate (4c)

mCOZMe
N

H

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
90:10 + 1% Et3N), (79 mg, 0.42 mmol, 83% yield, conditions B).

'HNMR (400 MHz, CDCl3) § 8.97 (s, 1H), 7.58 (d, J = 8.2 Hz, 1H), 7.20 (d, J = 3.4 Hz, 2H), 7.00
(d,J=18.2 Hz, 1H), 3.96 (d, J= 0.8 Hz, 3H), 2.48 (s, 3H) ppm.

3C NMR (100 MHz, CDCl3) § 162.7,137.6, 135.8, 126.7, 125.5, 123.1, 122.3, 111.7, 109.0, 52.0,
22.1 ppm.

Elemental analysis calcd for C11H11NOz: C, 69.83; H, 5.86; N, 7.40, found: C, 69.67; H, 5.80; N,
7.40.

ethyl 1H-indole-2-carboxylate (4d)

mcozEt
N

H

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
90:10 + 1% Et3N), (89 mg, 0.47 mmol, 95% yield, conditions B).

'H NMR (400 MHz, CDCls) § 8.93 (s, 1H), 7.70 (dd, J = 8.1, 0.9 Hz, 1H), 7.43 (dd, J= 8.3, 0.9
Hz, 1H), 7.33 (ddd, J= 8.2, 7.1, 1.1 Hz, 1H), 7.24 (dd, J = 2.0, 0.9 Hz, 1H), 7.16 (ddd, J = 8.0,
7.0, 0.9 Hz, 1H), 4.42 (q, J=7.1 Hz, 2H), 1.42 (t, J = 7.1 Hz, 3H) ppm.

3C NMR (100 MHz, CDCl3) § 162.2, 136.9, 127.8, 127.7, 125.5, 122.8, 120.9, 112.0, 108.8, 61.2,
14.5 ppm.
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Elemental analysis calcd for C11H11NOz: C, 69.83; H, 5.86; N, 7.40, found: C, 69.67; H, 5.80; N,
7.40.

methyl 1H-indole-3-carboxylate (4e)
COsMe

N

N
H

Obtained as a white solid after purification by flash column chromatography (hexane:CH>Cl, =
80:20+1 % Et3N), (62 mg, 0.35 mmol, 64 % yield, conditions A).

"H NMR (400 MHz, CDCl3) & 8.69 (s, 1H), 8.26-8.10 (m, 1H), 7.92 (d, J=3.0 Hz, 1H), 7.46-7.36
(m, 1H), 7.35-7.21 (m, 2H), 3.93 (s, 3H) ppm.

3C NMR (101 MHz, CDCl3) § 165.6, 136.1, 131.0, 125.8, 123.2, 122.1, 121.5, 111.5, 108.8, 51.1
ppm.

Elemental analysis calcd for Cio0HoNO2: C, 68.56; H, 5.18; N, 8.00, found: C, 68.48; H, 5.26; N,
7.76.

2-phenyl-1H-indole (4f)

Obtained as a shiny colorless solid after purification by flash column chromatography
(hexane:AcOEt =90:10 + 1% Et:N), (99 mg, 0.51 mmol, 95% yield, conditions A), (89 mg, 0.46
mmol, 92% yield, conditions B).

'H NMR (400 MHz, CDCls) & 8.31 (s, 1H), 7.70-7.62 (m, 3H), 7.46 (t,J= 7.7 Hz, 2H), 7.41
(dd,J=8.1,0.7 Hz, 1H), 7.34 (t, J=7.4 Hz, 1H), 7.21 (t, /= 7.5 Hz, 1H), 7.14 (t, J = 7.5 Hz, 1H),
6.84 (d, /= 1.4 Hz, 1H) ppm.

13C NMR (100 MHz, CDCLs) & 138.0, 137.0, 132.5, 129.4, 129.2, 127.9, 125.3, 122.5, 120.8,
120.4, 111.0, 100.2 ppm.

Elemental analysis caled for Ci4H11N: C, 87.01; H, 5.74; N, 7.25, found: C, 86.85; H, 5.80; N,
7.30.

6-methyl-2-phenyl-1H-indole (4g)

0
N

Me H
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Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
95:5 + 1% EtsN), (107 mg, 0.52 mmol, 96 % yield, conditions A), (87 mg, 0.42 mmol, 84% yield,
conditions B).

"H NMR (400 MHz, CDCl3) § 8.17 (s, 1H), 7.65 (d, J = 7.7 Hz, 2H), 7.53 (d, J = 8.0 Hz, 1H), 7.44
(t,J=7.7Hz, 2H), 7.32 (t,J = 7.4 Hz, 1H), 7.19 (s, 1H), 6.98 (d, /=8.0 Hz, 1H), 6.80 (d, J=1.3
Hz, 1H), 2.49 (s, 3H) ppm.

3C NMR (100 MHz, CDCls) & 137.5, 137.4, 132.7, 132.4, 129.1, 127.6, 127.2, 125.1, 122.2,
120.4, 111.0, 100.0, 21.9 ppm.

Elemental analysis calcd for CisHizN: C, 86.92; H, 6.32; N, 6.76, found: C, 86.85; H, 6.40; N,
6.51.

6-nitro-2-phenyl-1H-indole (4i)

DREW,
O,N

Obtained as an orange solid after purification by flash column chromatography (hexane: AcOEt =
70:30 + 1% Et3N), (100 mg, 0.42 mmol, 78 % yield, conditions A), (62 mg, 0.26 mmol, 54% yield,
conditions B).

Irz

'H NMR (400 MHz, DMSO-ds) 8 12.32 (s, 1H), 8.29 (d, J = 1.3 Hz, 1H), 7.98-7.86 (m, 3H), 7.70
(d, J=8.8 Hz, 1H), 7.53 (t, J= 7.5 Hz, 2H), 7.43 (t, J= 7.3 Hz, 1H), 7.13 (s, |H) ppm.

13C NMR (100 MHz, DMSO-de) § 144.2, 141.9, 135.4, 133.7, 130.8, 129.1, 128.9, 125.7, 120.1,
114.8, 107.8, 99.8 ppm.

Elemental analysis calcd for C14H1oN202: C, 70.58; H, 4.23; N, 11.76, found: C, 70.78; H, 4.27,;
N, 11.46.

2-(2-chlorophenyl)-1H-indole (4j)
Cl
0
N
H

Obtained as a white solid after purification by flash column chromatography (hexane:CH>Cl, =
70:30 +1 % Et3N), (116 mg, 0.51 mmol, 94 % yield, conditions A).

"H NMR (300 MHz, CDCl3) & 8.78 (s, 1H), 7.78-7.66 (m, 1H), 7.56-7.51 (m, 1H), 7.46 (d, J=8.1
Hz, 1H), 7.39 (dd, J/=7.5, 1.4 Hz, 1H), 7.34 (dd, J=5.3, 1.7 Hz, 1H), 7.32-7.27 (m, 1H), 7.24-7.15
(m, 1H), 6.92 (d, J/=1.3 Hz, 1H) ppm.
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3C NMR (75 MHz, CDCl3) § 136.8, 135.5, 131.8, 131.6, 131.2, 131.1, 129.2, 128.6, 127.7, 123.1,
121.2, 120.6, 111.5, 104.0 ppm.

Elemental analysis calcd for C14H1oCIN: C, 73.85; H, 4.43; N, 6.15, found: C, 73.50; H, 4.66; N,
6.01.

5,6-dimethoxy-2-phenyl-1H-indole (4k)

MeO
\ O
N

MeO H

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt=
75:25+1 % Et3N), (97 mg, 0.38 mmol, 71 % yield, conditions A).

"H NMR (400 MHz, CDCls) § 8.21 (s, 1H), 7.64-7.58 (m, 2H), 7.44-7.38 (m, 2H), 7.29 (m, 1H
overlapped with residual solvent signal), 7.08 (s, 1H), 6.91 (s, 1H), 6.73 (dd, J=2.2, 0.8 Hz, 1H),
3.93 (d, J=5.6 Hz, 6H) ppm.

3C NMR (100 MHz, CDCl3) & 147.5, 145.6, 136.7, 132.8, 131.5, 129.1, 127.2, 124.7, 122.3,
102.4, 100.0, 94.6, 56.5, 56.3 ppm.

Elemental analysis calcd for C16HisNOz: C, 75.87; H, 5.97; N, 5.53, found: C, 75.49; H, 6.09; N,
5.19.

6-phenyl-5H-[1,3]dioxolo[4,5-f]lindole (41)

0

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
70:30 + 1% Et3N), (92 mg, 0.39 mmol, 72 % yield, conditions A), (101 mg, 0.43 mmol, 84% yield,
conditions B).

'H NMR (400 MHz, CDCls) & 8.25 (s, 1H), 7.64 (d, J = 8.0 Hz, 2H), 7.47 (t, J = 7.7 Hz, 2H), 7.33
(t,J=7.4 Hz, 1H), 7.06 (s, 1H), 6.92 (s, 1H), 6.76 (d, J = 2.0 Hz, 1H), 6.00 (s, 2H) ppm.

3C NMR (100 MHz, CDCls) & 145.3, 143.5, 136.8, 132.7, 132.0, 129.2, 127.3, 124.7, 123.4,
100.8, 100.4, 99.3, 92.0 ppm.

Elemental analysis calcd for CisHi1NOa2: C, 75.94; H, 4.67; N, 5.90, found: C, 75.69; H, 4.71; N,
5.55.

4-(1H-indol-2-yl)phenol (4m)

O
N

H
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Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
85:15 to 70:30 + 1% Et3N), (53 mg, 0.25 mmol, 47% yield, conditions B).

'H NMR (400 MHz, DMSO-de) § 11.29 (s, 1H), 9.59 (s, 1H), 7.67 (d, J = 8.6 Hz, 2H), 7.47 (d, J =
7.7 Hz, 1H), 7.35 (d, J= 7.9 Hz, 1H), 7.03 (t, J = 7.3 Hz, 1H), 6.95 (t, J = 7.4 Hz, 1H), 6.84 (d, J =
8.6 Hz, 2H), 6.67 (d, J= 1.2 Hz, 1H) ppm.

13C NMR (100 MHz, DMSO-ds) § 157.1, 138.3, 136.8, 128.9, 126.4, 123.3, 120.7, 119.5, 119.1,
115.6, 110.9, 96.7 ppm.

Elemental analysis calcd for Ci4H11NO: C, 80.36; H, 5.30; N, 6.69, found: C, 80.54; H, 5.71; N,
6.21.

4-(1H-indol-2-yl)phenyl acetate (4m')

N

H

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
85:15 to 70:30 + 1% Et3N), (44 mg, 0.18 mmol, 39% yield, conditions B).

"H NMR (400 MHz, DMSO-dc) § 11.52 (s, 1H), 7.89 (d, J = 8.6 Hz, 2H), 7.53 (d, J= 7.8 Hz, 1H),
7.40 (d, J=8.0 Hz, 1H), 7.23 (d, J=8.6 Hz, 2H), 7.10 (t, J="7.3 Hz, 1H), 7.00 (t, /= 7.3 Hz, 1H),
6.88 (d, J=1.5 Hz, 1H), 2.29 (s, 3H) ppm.

3C NMR (100 MHz, DMSO-ds) § 169.2, 149.7, 137.1, 136.9, 129.9, 128.6, 126.0, 122.3, 121.6,
120.0, 119.4, 111.3, 98.8, 20.9 ppm.

Elemental analysis calcd for C1sH13NOz: C, 76.48; H, 5.21; N, 5.57, found: C, 76.59; H, 5.56; N,
5.58.

N,N-dimethyl-2-phenyl-1H-indol-6-amine (40)

0
Me,N N

H

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
80:20 +1 % Et3N), (77 mg, 0.33 mmol, 60 % yield, conditions A).

'"H NMR (400 MHz, CDCl3) § 8.15 (s, 1H), 7.61 (d, J=7.9 Hz, 2H), 7.49 (d, J=8.6 Hz, 1H), 7.41
(t, J=7.7 Hz, 2H), 7.27 (t, J=7.3 Hz, 1H, overlapped with CDCI3), 6.82—6.70 (m, 3H), 2.98 (s, 6H)

3C NMR (100 MHz, CDCl3) & 148.1, 138.6, 136.0, 132.9, 129.1, 127.0, 124.6, 121.8, 121.1,
110.1, 99.9, 94.9, 42.1 ppm.
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Elemental analysis calcd for CisHisN2: C, 81.32; H, 6.82; N, 11.85, found: C, 81.23; H, 7.06; N,
11.49.

2-(4-chlorophenyl)-1H-indole-3-carbonitrile (4p)
CN

COOro
N
H

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
70:30 + 1% Et3N), (125 mg, 0.49 mmol, 99% yield, conditions B).

'H NMR (400 MHz, DMSO-ds) § 12.65 (s, 1H), 8.03-7.96 (m, 2H), 7.75-7.68 (m, 2H), 7.65
(d,J=7.9 Hz, 1H), 7.56 (d, J = 8.0 Hz, 1H), 7.33 (t, J= 7.6 Hz, 1H), 7.27 (t, J = 7.5 Hz, 1H) ppm.

13C NMR (100 MHz, DMSO-de) & 143.3, 135.6, 134.6, 129.4, 128.6, 128.20, 128.18, 124.1, 122.2,
118.4, 116.7, 112.7, 81.7 ppm.

Elemental analysis caled for C1sHoCINa: C, 71.29; H, 3.59; N, 11.09, found: C, 71.29; H, 3.62; N,
10.97.

2-(p-tolyl)-1H-indole-3-carbonitrile (4q)
CN

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
80:20 to 70:30 + 1% Et3N), (114 mg, 0.49 mmol, 98% yield, conditions B).

"H NMR (400 MHz, DMSO-dc) § 12.51 (s, 1H), 7.89 (d, J = 8.2 Hz, 2H), 7.63 (d, J= 7.6 Hz, 1H),
7.55 (d,J= 8.0 Hz, 1H), 7.43 (d, J = 8.2 Hz, 2H), 7.30 (td, /= 8, 1.2 Hz, 1H), 7.25 (td, J= 7.7,
1.0 Hz, 1H), 2.40 (s, 3H) ppm.

13C NMR (100 MHz, DMSO-ds) & 144.9, 139.8, 135.4, 129.8, 128.3, 126.8, 126.6, 123.7, 121.9,
118.2,117.1, 112.5, 80.9, 20.9 ppm.

Elemental analysis calcd for Ci¢Hi2N2: C, 82.73; H, 5.21; N, 12.06, found: C, 82.38; H, 5.23; N,
11.72.

2-(1-methyl-1H-pyrrol-2-yl)-1H-indole-3-carbonitrile (4r)
CN

Coy-4
N N
H Me
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Obtained as a yellow solid after purification by flash column chromatography (hexane:AcOEt =
75:25 to 70:30 + 1% Et3N), (92 mg, 0.42 mmol, 77 % yield, conditions A), (67 mg, 0.30 mmol,
61% yield, conditions B).

'HNMR (400 MHz, DMSO-de) § 12.17 (s, 1H), 7.61 (d, J= 7.4 Hz, 1H), 7.52 (d, J= 7.8 Hz, 1H),
7.30 (td, J= 7.5, 1.2 Hz, 1H), 7.25 (td, J= 7.5, 0.9 Hz, 1H), 7.11-7.03 (m, 1H), 6.59 (dd, J= 3.7,
1.7 Hz, 1H), 6.23 (dd, J = 3.5, 2.8 Hz, 1H), 3.80 (s, 3H) ppm.

3C NMR (100 MHz, DMSO-ds) § 138.4, 135.4, 127.6, 126.7, 123.5, 122.1, 121.8, 118.1, 116.8,
112.8,112.5, 108.3, 82.8, 35.1 ppm.

Elemental analysis calcd for Ci14H11N3: C, 76.00; H, 5.01; N, 18.99, found: C, 76.38; H, 5.24; N,
18.69.

2-phenyl-1H-pyrrolo[2,3-c|pyridine (4s)

TN
N/N
H

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
20:80 to 10:90 + 2% Et3N), (83 mg, 0.43 mmol, 86% yield, conditions B).

'H NMR (400 MHz, DMSO-de) & 12.02 (s, 1H), 8.75 (s, 1H), 8.10 (d, J = 5.4 Hz, 1H), 7.93 (d, J =
7.6 Hz, 2H), 7.51 (t, J = 7.3 Hz, 3H), 7.40 (t, J = 7.0 Hz, 1H), 6.97 (s, I H) ppm.

3C NMR (100 MHz, DMSO-d) & 141.3, 138.2, 134.22, 134.19, 132.7, 131.3, 129.0, 128.5, 125.8,
114.4, 97.9 ppm.

Elemental analysis calcd for C13HioN2: C, 80.39; H, 5.19; N, 14.42, found: C, 80.29; H, 4.98; N,
14.23.

5-fluoro-2-(pyridin-2-yl)-1H-indole (4t)

F

A\
N N
H

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
80:20 + 1% Et3N), (97 mg, 0.46 mmol, 91% yield, conditions B).

'H NMR (400 MHz, DMSO-ds) § 11.79 (s, 1H), 8.63 (d, J=4.2 Hz, 1H), 7.96 (d, J= 8.0 Hz, 1H),
7.84 (t,J=7.7 Hz, 1H), 7.48 (dd, J = 8.5, 4.3 Hz, 1H), 7.39-7.24 (m, 2H), 7.12 (d, J= 1.0 Hz,
1H), 7.06-6.90 (m, 1H) ppm.

13C NMR (100 MHz, DMSO-de) § 157.2 (d, "Jer = 231.9 Hz), 150.0, 149.2, 138.9, 137.0, 133.9,
128.5 (d, 3Jcr=10.5 Hz), 122.5,120.0, 113.0 (d, *Jcr =9.8 Hz), 110.6 (d, 2Jc » = 26.3 Hz), 104.9
(d, 2Jcr=23.1 Hz), 100.6 (d, “Jc_r = 4.9 Hz) ppm.
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19F NMR (376 MHz, DMSO-ds) & —124.4 (s) ppm.

Elemental analysis calcd for Ci3HoFN»: C, 73.57; H, 4.27; N, 13.20, found: C, 73.77; H, 4.09; N,
13.58.

(E)-2-(2-nitrostyryl)-1H-indole-3-carbonitrile (4u')

)
NP
D
NO,
Obtained as a yellow solid after purification by flash column chromatography (hexane:CH>Clo=

40:60+ 1% Et3N). (48 mg, 0.17 mmol, 61 % yield, conditions A), The yield reported in Table
8 was calculated considering the molecular weight of the hemihydrate molecule.

"H NMR (300 MHz, DMSO-djs) § 12.62 (s, 1H), 8.11 (d, J=7.6 Hz, 1H), 8.05 (dd, J=8.1, 0.9 Hz,
1H), 7.83 (d, /=16.3 Hz, 1H, olefinic CH overlapped with multiplet at 7.84-7.76), 7.84—7.76 (m,
1H), 7.67-7.58 (m, 2H), 7.54 (d, /=8.1 Hz, 1H), 7.32 (d, J/=16.3 Hz, 1H, olefinic CH overlapped
with multiplet at 7.39—-7.31), 7.39-7.31 (m, 1H), 7.28-7.21 (m, 1H) ppm.

3C NMR (75 MHz, DMSO-ds) & 148.1, 142.4, 136.1, 133.7, 130.2, 129.8, 128.3, 127.4, 127.1,
124.9, 124.6, 122.1, 119.8, 118.6, 115.7, 112.51, 85.25 ppm.

MS (ESI+), m/z [M+Na]" caled for Ci7H;i1NsNaO;": 312.07, found 312.32. MS (ESI'
), m/z [M—H]" calcd for C17H10N30O2" : 289.08, found 288.57.

Elemental analysis calcd for Ci7H11N3Oz - /2 H2O: C 68.45; H 4.05; N 14.09, found: C 68.58; H
4.61; N 14.09.

1H,1'H-|2,2'-biindole]-3-carbonitrile (4u'")
N
1
N
Ho N

Obtained as a white solid and recovered without flash column chromatography. The product was
precipitated from the reaction mixture by addition of water (15 mL), collected by filtration on a
Buchner funnel, let it to dry on the filter paper and then washed several times with mixture of
hexane and CH2Cl: (3:1), (62 mg, 0.24 mmol, 90 % yield, conditions A).

'"H NMR (400 MHz, DMSO-ds) § 12.42 (s, 1H), 11.54 (s, 1H), 7.69 (d, J=7.9 Hz, 1H), 7.65
(d, /=7.7Hz, 1H), 7.59 (d, J/=7.9 Hz, 1H), 7.55 (d, /=8.0 Hz, 1H), 7.33 (dd, 7.2, 1.2 Hz, 1H), 7.30—
7.21 (m, 2H, partially overlapped with singlet at 7.21), 7.21 (s, 1H), 7.11 (t, /=7.9 Hz, 1H) ppm.
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3C NMR (100 MHz, DMSO-ds) § 138.2, 137.1, 135.3, 128.0, 127.9, 127.3, 123.9, 123.3, 122.2,
120.9, 120.3, 118.2, 116.6, 112.6, 112.0, 103.3, 81.1 ppm.

MS (ESI-), m/z [M—H] ™ caled for C17H1oN3™ : 256.09, found 256.43.
Elemental analysis calcd for C17H11N3: C 79.36; H 4.31; N 16.33, found: C 78.98; H4.65; N 15.97.
2,6-di(1H-indol-2-yl)pyridine (4v)

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
80:20 + 1% Et3N), (54 mg, 0.17 mmol, 70% yield conditions B).

'H NMR (400 MHz, DMSO-ds) 8 11.71 (s, 2H), 7.92-7.85 (m, 3H), 7.63 (d, J = 7.9 Hz, 2H), 7.58
(dd, J=8.0, 0.7 Hz, 2H), 7.28 (dd, J = 2.0, 0.7 Hz, 2H), 7.22 (ddd, J= 8.1, 7.0, 1.0 Hz, 2H), 7.07
(ddd, J=7.9, 7.0, 0.8 Hz, 2H) ppm.

13C NMR (100 MHz, DMSO-ds)  149.4, 137.8, 137.0, 136.7, 128.6, 122.7, 120.9, 119.6, 117.8,
111.5, 100.8 ppm.

Elemental analysis calcd for C21HisN3: C, 81.53; H, 4.89; N, 13.58, found: C, 81.75; H, 4.83; N,
13.34.

(1H-indol-2-yl)(phenyl)methanone (4w)

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
90:10 + 1% Et3N), (90 mg, 0.41 mmol, 82% yield, conditions B).

"HNMR (400 MHz, CDCls) § 9.37 (s, 1H), 8.01 (d, J = 7.3 Hz, 2H), 7.73 (d, J = 8.1 Hz, 1H), 7.63
(t,J=7.4Hz, 1H), 7.54 (t, J=7.5Hz,2H), 7.49 (d, J=8.3 Hz, 1H), 7.39 (t, /=7.5 Hz, 1H), 7.21-
7.15 (m, 2H) ppm.

3C NMR (100 MHz, CDCls) & 187.3, 138.2, 137.7, 134.5, 132.5, 129.4, 128.6, 127.9, 126.7,
123.4,121.2,112.9, 112.3 ppm.

Elemental analysis caled for CisHi1NO: C, 81.43; H, 5.01; N, 6.33, found: C, 81.60; H, 5.11; N,
6.30.
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(5-chloro-1H-indol-2-yl)(phenyl)methanone (4x)

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
85:15 + 1% Et3N), (92 mg, 0.36 mmol, 72% yield, conditions B).

"H NMR (400 MHz, CDCl5) § 9.58 (s, 1H), 8.00 (d, J= 7.2 Hz, 2H), 7.69 (s, 1H), 7.65 (t, J=7.4
Hz, 1H), 7.55 (t,J= 7.5 Hz, 2H), 7.43 (d, J= 8.8 Hz, 1H), 7.33 (dd, J= 8.8, 1.8 Hz, 1H), 7.10
(d, J=1.0 Hz, 1H) ppm.

3C NMR (100 MHz, CDCl3) & 187.3, 137.8, 135.9, 135.5, 132.8, 129.4, 128.8, 128.7, 127.1,
126.8, 122.4, 113.5, 111.9 ppm.

Elemental analysis calcd for C1sHioCINO: C, 70.46; H, 3.94; N, 5.48, found: C, 70.35; H, 4.12; N,
5.65.

(5-bromo-1H-indol-2-yl)(phenyl)methanone (4y)

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
85:15 + 1% Et:N), (122 mg, 0.41 mmol, 81% yield, conditions B).

'H NMR (400 MHz, DMSO-de) & 12.16 (s, 1H), 7.96-7.88 (m, 3H), 7.69 (t, J= 7.4 Hz, 1H), 7.59
(t, J=7.5 Hz, 2H), 7.47 (d, J = 8.8 Hz, 1H), 7.41 (dd, J= 8.8, 1.9 Hz, 1H), 7.10 (s, IH) ppm.

3C NMR (100 MHz, DMSO-ds) & 186.5, 137.7, 136.5, 135.2, 132.5, 128.9, 128.7, 128.6, 128.2,
125.0, 114.8, 112.7, 111.2 ppm.

Elemental analysis calcd for Ci1sH10BrNO: C, 60.02; H, 3.36; N, 4.67, found: C, 59.94; H, 3.67;
N, 4.73.

(5-fluoro-1H-indol-2-yl)(phenyl)methanone (4z)

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
95:5 + 1% Et:N), (100 mg, 0.42 mmol, 84% yield, conditions B).
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'"H NMR (400 MHz, CDCl3) § 9.94 (s, 1H), 8.02 (d, J=7.1 Hz, 2H), 7.65 (t,J = 7.4 Hz, 1H), 7.56
(t,J=17.5Hz, 2H), 7.47 (dd, J=9.0,4.3 Hz, 1H), 7.35 (dd, /=9.1, 2.3 Hz, 1H), 7.16 (dd, J=9.1,
2.5 Hz, 1H), 7.13-7.12 (m, 1H) ppm.

13C NMR (100 MHz, CDCl3) § 187.4, 158.4 (d, "Jc_r = 237.4 Hz), 138.0, 135.8, 134.5, 132.7,
129.4,128.7,127.9 (d, *Jc_r = 10.3 Hz), 115.9 (d, 2Jc-r =27.1 Hz), 113.5 (d, *Jcr = 9.5 Hz), 112.7
(d, *Jc-r=5.7 Hz), 107.3 (d, 2Jc_r = 23.2 Hz) ppm.

19F NMR (376 MHz, CDCl3) 6 —122.33 (td, J= 9.1, 4.3 Hz) ppm.

Elemental analysis calcd for C1sH10FNO: C, 75.30; H, 4.21; N, 5.85, found: C, 75.24; H, 4.39; N,
5.63.

(5-methoxy-1H-indol-2-yl)(phenyl)methanone (4aa)

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
90:10 + 1% Et3N), (114 mg, 0.45 mmol, 91% yield, conditions B).

'H NMR (400 MHz, CDCl3) § 9.84 (s, 1H), 8.02 (d, J = 7.2 Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.54
(t,J=7.5 Hz, 2H), 7.42 (d, J = 8.8 Hz, 1H), 7.15-7.01 (m, 3H), 3.86 (s, 3H) ppm.

BCNMR (100 MHz, CDCl3) 6 187.3, 155.0, 138.3,134.9, 133.5, 132.4, 129.4, 128.6, 128.2, 118.6,
113.5,112.6, 102.9, 55.8 ppm.

Elemental analysis calcd for C1sH13NOz: C, 76.48; H, 5.21; N, 5.57, found: C, 76.68; H, 4.95; N,
5.74.

(6-(dimethylamino)-1H-indol-2-yl)(phenyl)methanone (4ab)

@)
L)
Me;,N H Q
Obtained as an orange solid after purification by flash column chromatography (hexane: AcOEt =

80:20 + 1% Et:N), (118 mg, 0.45 mmol, 89% yield, conditions B).

"H NMR (400 MHz, DMSO-ds) & 11.46 (s, 1H), 7.87 (d, J = 7.0 Hz, 2H), 7.63 (t,J = 7.3 Hz, 1H),
7.55 (t,J= 7.4 Hz, 2H), 7.50 (d, /= 9.0 Hz, 1H), 6.98 (d, /= 1.3 Hz, 1H), 6.77 (dd, J= 9.0, 2.2
Hz, 1H), 6.60 (d, /= 1.4 Hz, 1H), 2.95 (s, 6H) ppm.

13C NMR (100 MHz, DMSO-ds) & 184.9, 149.9, 140.6, 138.7, 132.7, 131.6, 128.6, 128.4, 123.3,
119.3, 113.5, 110.7, 92.5, 40.5 ppm.
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Elemental analysis calcd for C17H16N20: C, 77.25; H, 6.10; N, 10.60, found: C, 76.88; H, 6.18; N,
10.29.

(4-fluorophenyl)(5-methoxy-1H-indol-2-yl)methanone (4ac)

Obtained as a yellow solid after purification by flash column chromatography (hexane:AcOEt =
80:20 + 1% Et3N), (102 mg, 0.38 mmol, 76% yield, conditions B).

'H NMR (400 MHz, DMSO-ds) 5 11.86 (s, 1H), 8.00 (dd, J= 8.1, 5.8 Hz, 2H), 7.40 (t, J= 8.7 Hz,
3H), 7.14 (d, J= 1.5 Hz, 1H), 7.03 (d, J = 0.8 Hz, 1H), 6.99 (dd, J=9.0, 1.8 Hz, 1H), 3.76 (s, 3H)

13C NMR (100 MHz, DMSO-dq) & 184.8, 165.5 (d, 'Jc-r=250.3 Hz), 154.1, 134.5 (d, *Jc.r=2.9
Hz), 134.4,133.6,131.5 (d, *Jc-r =9.2 Hz), 127.3,117.7, 115.6 (d, 2Jc-r =21.8 Hz), 113.7, 111.5,
102.4, 55.2 ppm.

9F NMR (376 MHz, DMSO-ds) § —107.27 to —107.49 (m).

Elemental analysis calcd for CisHi12FNO2: C, 71.37; H, 4.49; N, 5.20, found: C, 71.25; H, 4.61; N,
5.39.

(1H-indol-2-yl)(4-methoxyphenyl)methanone (4ad)

OMe

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
80:20 + 1% Et3N), (99 mg, 0.39 mmol, 79% yield, conditions B).

'H NMR (400 MHz, DMSO-ds) § 11.90 (s, 1H), 7.97 (d, J= 8.7 Hz, 2H), 7.71 (d, J = 8.0 Hz, 1H),
7.51(d, J=8.2 Hz, 1H), 7.30 (t, J = 7.3 Hz, 1H), 7.15-7.05 (m, 4H), 3.87 (s, 3H) ppm.

13C NMR (100 MHz, DMSO-de) § 185.1, 162.7, 137.7, 134.4, 131.3, 130.4, 127.0, 125.4, 122.7,
120.2, 113.9, 112.6, 111.0, 55.5 ppm.

Elemental analysis calcd for Ci¢H13NO2: C, 76.48; H, 5.21; N, 5.57, found: C, 76.33; H, 5.29; N,
5.70.
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furan-2-yl(1H-indol-2-yl)methanone (4ae)

O
A\
” —
O~

Obtained as a pale-yellow solid after purification by flash column chromatography (hexane:AcOEt
=85:15 + 1% Et3N), (90 mg, 0.43 mmol, 85% yield, conditions B).

'H NMR (400 MHz, DMSO-de) 8 11.96 (s, 1H), 8.11 (d, J = 0.8 Hz, 1H), 7.75 (d, J = 8.0 Hz, 1H),
7.65 (d,J= 1.3 Hz, 1H), 7.60 (d, J= 3.5 Hz, 1H), 7.51 (d,J= 8.3 Hz, 1H), 7.31 (t,J= 7.3 Hz,
1H), 7.10 (t, J = 7.4 Hz, 1H), 6.80 (dd, J=3.5, 1.6 Hz, 1H) ppm.

13C NMR (100 MHz, DMSO-de) 5 172.1, 151.9, 147.8, 137.8, 133.5, 127.2, 125.7, 122.9, 120.4,
118.9, 112.7, 110.3 ppm.

Elemental analysis calcd for Ci13HoNOz: C, 73.92; H, 4.29; N, 6.63, found: C, 74.21; H, 4.72; N,
6.44.

(1H-indol-2-yl)(piperidin-1-yl)methanone (4af)

0]
A
N N
T O
Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =

80:20 + 1% Et3N), (112 mg, 0.49 mmol, 91 % yield, conditions A), (108 mg, 0.47 mmol, 95%
yield, conditions B).

"H NMR (400 MHz, CDCI3) § 9.95 (s, 1H), 7.65 (d, J= 8.0 Hz, 1H), 7.45 (d, /= 8.3 Hz, 1H), 7.26
(td,/=7.2,1.1Hz,1H),7.12 (td, J=7.2,0.8 Hz, 1H), 6.77 (d, /= 1.4 Hz, 1H), 3.88 (s, 4H), 1.85—
1.54 (m, 6H) ppm.

3C NMR (100 MHz, CDCl3) § 162.6, 135.9, 129.9, 127.6, 124.1, 121.8, 120.4, 112.0, 104.8, 26.3,
24.8 ppm.

Elemental analysis calcd for C14H16N20O: C, 73.66; H, 7.06; N, 12.27, found C, 73.40; H, 7.04; N,
11.94.

(1H-indol-2-yl)methanol (4ag)

O
N  OH

H
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Obtained as a yellow solid after purification by flash column chromatography (hexane:AcOEt =
80:20 to 60:40 + 1%Et;N), (56 mg, 0.38 mmol, 74% yield, conditions B).

'H NMR (400 MHz, DMSO-ds) § 10.97 (s, 1H), 7.45 (d, J= 7.8 Hz, 1H), 7.32 (d, J= 8.1 Hz, 1H),
7.03 (td, J= 8, 0.8 Hz 1H), 6.94 (td, J= 8, 0.8 Hz 1H), 6.26 (d, J= 0.9 Hz, 1H), 5.21 (t, /= 5.6
Hz, 1H), 4.61 (d, J = 5.6 Hz, 2H) ppm.

13C NMR (100 MHz, DMSO-ds) 6 140.1, 136.2, 127.9, 120.5, 119.6, 118.6, 111.0, 98.4, 56.9 ppm.
Elemental analysis calcd for CoHoNO: C, 73.45; H, 6.16; N, 9.52, found C, 73.63; H, 5.88; N, 9.23.
(1H-indol-2-yl)methyl acetate (4ah)

O
N OAc

H

Obtained as a white solid after purification by flash column chromatography
(hexane:AcOEt:CH2Cl, = 80:10:10 + 1%Et:N), (66 mg, 0.35 mmol, 70% yield, conditions B).

'H NMR (400 MHz, DMSO-de) & 11.18 (s, 1H), 7.50 (d, J= 7.8 Hz, 1H), 7.36 (dd, J= 8.1, 0.7
Hz, 1H), 7.09 (td, J= 8.2, 1.1 Hz, 1H), 6.98 (td,J= 7.9, 0.9 Hz, 1H), 6.44 (d, /= 1.3 Hz, 1H),
5.18 (s, 2H), 2.06 (s, 3H) ppm.

3C NMR (100 MHz, DMSO-ds) § 170.1, 136.4, 133.4, 127.4, 121.5, 120.1, 119.0, 111.3, 101.9,
59.0, 20.7 ppm.

Elemental analysis calcd for C11H11NO2: C, 69.83; H, 5.86; N, 7.40, found C, 70.09; H, 5.78; N,
7.12.

1H-indole-2-carbaldehyde (4ai)

mCHO
N

H

Obtained as a white solid after purification by flash column chromatography (hexane:AcOEt =
80:20 + 1%Et:N), (51 mg, 0.35 mmol, 65 % yield conditions A), (15 mg, 0.1 mmol, 20% yield
conditions B).

'H NMR (400 MHz, CDCL3) § 9.86 (s, 1H), 9.24 (s, 1H), 7.75 (d, J= 8.1 Hz, 1H), 7.47 (d, J= 8.3
Hz, 1H), 7.40 (t, J = 7.6 Hz, 1H), 7.28 (s, 1H), 7.18 (t, J = 7.5 Hz, 1H) ppm.

3C NMR (100 MHz, CDCls) § 182.3, 138.2, 136.1, 127.50, 127.47, 123.6, 121.4, 115.0, 112.6
ppm.

Elemental analysis calcd for CoH7NO: C, 74.47; H, 4.86; N, 9.65, found C, 74.07; H, 4.85; N, 9.28.

85



Chapter II:

Synthesis of 4-Quinolones by Reductive Cyclization of 2'-
Nitrochalcones Using Formic Acid as a CO-surrogate.

1. Introduction

In the early 20" century, infectious diseases were the most common cause of human illness leading
to death, out of which bacterial infections accounted for about one-third of these infections.'®® In
addition to bacterial infections, malaria also has an enormous impact on global human health, with
over 200 million cases of malaria and over 600,000 deaths each year.!®® While different therapies
were used for the treatment of these diseases, the introduction of antibiotic agents opened new
avenues for the treatment of bacterial infections. The invention of antibiotics such as sulfonamide,
and afterward penicillin by Alexander Fleming in 1928 and synthetic antibiotics such as quinolones

were some of the great milestones of science.!¢7-1¢

Here, we focus on an important class of synthetic antibiotics known as quinolones, which is the
key scaffold of an important class of biologically active broad-spectrum antibacterial drugs.!”® The
spectacular discovery of nalidixic acid (the first prototype 4-quinolone analogue to enter the
market), which is chemically a naphthyridone and the prototype compound of the quinolones as a
byproduct in chloroquine synthesis (Fig. 5) by Lesher and coworkers in 1962 initiated the
improvement of quinolones.!”!

Pharmaceutical and drugs:

OH
o 0 o Q9 F o 9 0o 0
NN (N N 0 N N
§ N A | Y _OH H

Nalidixic acid Ciprofloxacin Elvitegravir Ivacaftor
antibacterial antibiotic drug anti HIV for Cystic Fibrosis

Bioactive natural products:

e} O
©\)Jj\<\7CH3 o)
N
H n=2-11 O >
(6}
~ Pseudanes III-XII Graveoline Waltherione F
anti-melanogenic, anti-HCV triggers Apoptosis and Autophagy anti Trypanosoma cruzi activity

Fig. 5. 4-Quinolone pharmaceuticals and natural products.

86



Since then, the 4-quinolone scaffold with 6-fluoro and 3-carboxylic acid embellishments has
evolved into several generations of antibacterial drugs with ciprofloxacin being the best known
example.!”? Newer 3-substituted 4-quinolone derivatives like ivacaftor !”* and elvitegravir '7* are
drugs used for cystic fibrosis, veternary medicine, and HIV infection. Apart from these synthetic
quinolone drugs, a number of 2-alkyl/aryl-substituted quinolone natural products, harboring
diverse bioactivities, have been reported over the years.!”> Among these quinolone alkaloids, 4-
(1H)-quinolones are less abundant, with pseudanes (III-XII),!”® graveoline (N-Me),!” and
waltherione F "7 being very recent additions that have attracted the attention of the synthetic
chemistry community mainly owing to their promising bioactivity profile (Fig. 5).

Various effective methods have been developed to produce quinolones.!”®!” The synthesis of
quinolin-4-ones bearing alkyl or aryl residues at C-2 (and/or C-3) following established strategies
like Conrad-Limpach synthesis (from anilines and S-ketoesters), Camps reaction (cyclization of
ortho-acylaminoacetophenones), Niementowski and related reactions (from anthranilic acid-

derived imines) has been extensively reviewed (Scheme 18).!78:1%
Niementowski
0]
C
OR"/NR", amps
0]
Conrad-Limpach N

COR" )\R .
©\ i y-HR

Base
H/R' \
Aor
Acid Base
@fi
H/R'
Reduction Metal cat.
0 ‘ Oxidant
=

Base
NR2 o %

R
NO, X
Leimgruber-Batcho R=Ar X = NHy/NHR'
N~ R X= Br/l (+ Amine)
H

Scheme 18. Established methods for the construction of the 4-quinolone ring system.

Among the other methods, those involving enamino ketone intermediates have attracted
considerable interest.'®! Whereas the modified Leimgruber-Batcho synthesis '®> and other
protocols involving chelation-controlled C-H amidation reactions prior to cyclization with the
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183,184

enamino ketone are rather suited for the preparation of 2-unsubstituted quinolin-4-ones,

several approaches starting from acetylenic ketones, and partly going through enamino ketones
(arising from addition of amines to the alkyne) have been worked out in the recent years. !53¢ In
2015, Hu and coworkers designed a straightforward method for the synthesis of numerous 2-aryl-
4-quinolone derivatives from N-aryl methyl-2-aminophenyl ketones through a metal-free
oxidative intramolecular oxidative Mannich reaction, followed by C(sp*)-H/C(sp*)-H coupling

and aromatization using an oxidant and a base (Scheme 18).!”°

Often the substrate scope of these reactions is limited by the necessity to employ harsh cyclization
conditions, including temperatures of 250 °C or strong acids such as polyphosphoric acid or
Eaton’s reagent in some cases,'%%!%” hence milder reactions have been explored. A recent example
of the synthesis of 4-quinolones in which the source of nitrogen is the nitro group have been
introduced starting from o-bromonitroarenes and alkynes and employing Mo(CO)s as a CO

surrogate and a reductant (Scheme 19).!3
0]
Br
N N [Pd], Mo(CO)q N
R1_@[ -\ - R L
NO, Ry N"R,
H

Scheme 19. Synthesis of 4-quinolones via inter-molecular cyclization of nitroarenes and alkynes.

As discussed in the first chapter, all methods have positive aspects and limitations, but most of
them produce stoichiometric amounts of coproducts that may cause problems in the purification
step. Considering that the nitrogen atom in most aromatic compounds is initially introduced in the
form of a nitro group and only at a later stage converted into other groups, using a nitroarene as a
reagent has the obvious advantage of saving at least one synthetic step. In this context, reactions
employing nitroarenes or nitroalkenes as substrates and CO as the reductant are particularly
appealing because CO permits the selective reduction of the nitro group in the presence of other
reducible groups, such as olefinic, aldehyde and keto ones,'*¥!% and only produces CO> as an
easily separable stoichiometric byproduct.?!:65:66.70.190-192 Several years ago, the synthesis of 4-
quinolones by reduction of 2'-nitrochalcones by CO, catalyzed by a Ru or Pd complexes was
reported.’”!"!%3-1% The method is particularly effective for the synthesis of 2-aryl-4-quinolones,
whose synthesis, on the other hand, is difficult with most of the traditional quinolone synthesis.!'*®

As the use of gaseous CO is always accompanied by many drawbacks, several research groups
explored the possibility of employing solid or liquid CO surrogates which can liberate CO under
the reaction conditions. During our previous studies on the synthesis of indoles using phenyl
formate as the CO source (see chapter 1), a single example of the cyclization of 2'-nitro-4-
methoxychalcone to the corresponding 4-quinolone in 67% yield was reported, but this specific
reaction was not investigated any further (Scheme 20).2%-

Since then, we were able to employ also the HCO2H/Ac,0O mixture to this aim, thus eliminating
the problem of the formation of phenol as a coproduct, whose complete separation was problematic
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in some cases.”! The use of this mixture also improves the atom efficiency of the reaction, since
phenyl formate is itself synthesized by the reaction of phenol with the HCO2H/Ac>O mixture, but
still the superiority of the use of gaseous CO is clearly undeniable from this point of view.

@ Pd(CH5CN),Cl, 1 mol% 0

O = O Phen 2.5 mol%
= O |
NO, OMe 44eq.HCO2Ph, 0.54 eq. Et3N N
CH3CN, 140 °C, 3 h. H
OMe

67%

Scheme 20. Synthesis of 2-(4-methoxyphenyl)quinolin-4(1H)-one using HCO-Ph.

Thus, in this chapter we will describe the use of the HCOH/Ac20 mixture as a cheap, safe, and
available CO surrogate in the Pd-catalyzed reductive cyclization of 2'-nitrochalcones, which
allows to perform the reaction in a cheap and commercially available thick-walled glass tube and
without adding any gaseous reagent.

2. Results and Discussion

Since palladium complexes were shown to be the most active and robust catalysts for reactions

involving the reduction of nitroarenes,?>>%-62:80.109.197-199

we employed a complex of palladium with
1,10-phenanthroline (Phen) as a ligand to form the active catalyst in situ. By employing this
catalytic system together with the HCO2H/Ac,O mixture, we were able to convert a series of 2'-
nitrochalcones 5 into the corresponding 4-quinolones 6 in high yields, with acetic acid and CO; as
the only stoichiometric byproducts.

For our preliminary investigations, we took the reductive cyclization reaction of 5a as the model

reaction. The tests were performed in screw-cap thick-walled glass tubes (pressure tubes).

2.1. Optimization of the reaction conditions

As a first attempt, the reaction conditions previously optimized for the reductive cyclization of o-
nitrostyrenes using HCO,H were employed. The result was encouraging though not good (Table
12, entry 1); almost full conversion was reached but with a low 6a yield (50%). This may be due
to the poor solubility of Sa in acetone.

Table 12. Optimization of the reaction conditions for the reductive cyclization of 2'-nitrochalcone 5a to 2-
phenylquinolin-4(1H)-one 6a using FA as the CO source.”

0 o}
Pd(CH3CN),Cl, 1 mol%

0 e — )
N02 FA/ACzo, Et3N N
Solvent, T °C, t H

5a 6a

Entry FA/Ac;O/Et;N  Phen Solvent t(h) T (O Conv. Sel. Yield
to 5a mol ratio  (mol%) (%)" %)’ (%)
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1 2.5/2.5/2.5 5 Acetone 10 110 98 51 50
2 4.4/4.4/4 4 5 CH;CN 10 140 >99 69 69
3 3/3/3 5 CH;CN 10 140 96 76 73
4 2.5/2.5/2.5 5 CH;CN 10 140 84 62 52
54 3/3/3 5 CH;CN 10 140 37 24 9
6 3/3/3 5 CH;CN 10 140 >99 47 47
7 3/3/3 2.5 CH;CN 10 140 98 58 57
8 3/3/3 5 CH;CN 10 150 100 74 74
9 3/3/3 5 CH;CN 10 130 84 80 67
10 3/3/3 5 CH;CN 16 120 >99 55 55
11 3/3/3 2.5 CH;CN 10 130 57 85 48
12 3/3/3 2.5 CH;CN 16 130 96 76 73
13 3/3/3 2.5 CH:CN/DMF¢ 16 130 >99 75 75
14 3/3/3 2.5 MEK 16 130 64 72 46
15 3/3/3 2.5 DMF 16 130 >99 >99 99
16 3/3/3 2.5 DMF 10 130 99 >99 99
17 3/3/3 2.5 DMF 6 130 88 93 82
18 3/3/3 2.5 DMF 4 130 59 93 55

a: Experimental conditions: 0.5 mmol Sa, 1 mol% Pd(CH3CN),Clz, Phen, FA, Ac,0, Et:N, solvent 10 mL, other
amounts as in the table. b: Determined by HPLC using benzophenone as the internal standard. ¢: Pd(acac), (1
mol%). d: The reaction was assembled in the air. e: TMPhen was used. f: (OMe),Phen was used. g: CH3CN/DMF
=9:1.

A higher selectivity was obtained using acetonitrile as the solvent at the temperature (140 °C) and
CO-source to Sa ratio (4.4) previously employed in the above-mentioned reaction (Scheme 18) in
which HCO;Ph had been employed as the CO surrogate (Table 12, entry 2). A decrease in the
HCO,H/Ac>0 amount, from 2.2-fold the stoichiometric amount (i.e., two CO for each nitro group)
to 1.5-fold, causes a marginal decrease in the reaction rate concurrently with a selectivity increase,
while below this threshold the selectivity decreased again (Table 12, entries 2-4), differently to
what we noticed for o-nitrostyrenes cyclization (Table 10, chapter I). Assembling the reaction tube
in the air led to a much-lower yield which implies a high sensitivity to the air (Table 12, entry 5).
Contrary to what was shown for some comparable synthesis,®! the use of 3,4,7,8-
tetramethylphenathroline (TMPhen) or 4,7-dimethoxyphenanthroline ((MeO)>Phen) as the ligands
afforded lower selectivities (Table 12, entries 6 and 7). A screening of temperatures revealed that
temperatures above 130 °C are needed to ensure high selectivities and complete solubility of 5a,
with a maximum at 130 °C (Table 12, entries 8-10). Despite a high selectivity towards 6a being
maintained, the reaction slowed down as the amount of ligand decreased (Table 12, entries 11 and
12). Eventually, a variation in the polar non-protic reaction solvents, led us to identify DMF as the
best solvent to perform the reaction (Table 12, entries 12-15). It is worth noting that the use of the
CH3CN/DMF mixture (Table 12, entry 13) was tested because in the case of the reductive
cyclization of o-nitrostyrenes to indoles (Table 8, entry 3, chapter I)** this mixed solvent had
provided better results than either solvent alone. However, that positive effect was not observed in
the present system. DMF permits the reactions to be finished in 10 hours as opposed to the 16
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hours needed when acetonitrile was used, yielding a roughly quantitative HPLC yield (Table 12,
entry 16).

2.2. Substrate scope

Having identified the best experimental conditions, the substrate scope was investigated (Table
13). The reaction time was elongated from 10 h to 12 h for these experiments to ensure complete
conversion even for the less reactive substrates.

Table 13. Substrate scope of the Pd-catalyzed reductive cyclization reaction of 2'-nitrochalcones 5 using
formic acid as CO source.”

0 o)
_ Pd(CH3CN),Cl, 1 mol%
R N Ar Phen 2.5 mol% R X |
o > T
Z N0, HCOOH, Ac,0, Et;N NN Ar
5 DMF, 130 °C, 12 h 6 H
(0]

6a, 93% 6b, 90% 6¢, 56% 6d 93% oM
(0]
|
N OBn
H
OMe Cl
6e, 61% 6f, traces 69, 81% 6h, 83%
ﬁ‘Br ‘\)‘j\‘\COOMe‘\)ﬁ\‘\ ‘\)‘j\‘\
6i, 73% 6j, 83% 6k, 55% CN 6l 11% NO,
(0]
/
N
N /
6m, 31% 6n, 62% 60,35%

6p, 79% i?w\)j\‘\ 6r, 70%
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a: Experimental conditions: 0.5 mmol of 5, Pd(CH3CN),Cl: (1 mol%), Phen (2.5 mol%), FA/Ac,O/Et;N
(3 eq.) DMF (10 mL) at 130 °C for 12h. Isolated yields are reported.

Quinolone 6a was isolated in 93% yield. The loss in isolation with respect to the virtually
quantitative yield measured by HPLC under the same experimental conditions is largely due to its
poor solubility, which results in a longer chromatographic purification. Note that the same problem
was encountered even with most of the products shown in Table 13.

Concerning substituents on the dangling aryl ring, alkyl and alkoxy substituents were well
tolerated (6b-6e), although a lower yield was observed when they imposed significant steric
shielding (6¢). Interestingly, when the dimethylamino group was present, only trace amounts of
quinolone (6f) could be detected by NMR spectroscopy and significant amounts of 4-
dimethylaminobenzaldehyde, derived from a retro-Claisen-Schmidt condensation, were formed.
High yields were also obtained in the presence of the electron-withdrawing halides (6g-i) and
carbomethoxy (6j) groups, although the presence of a cyano group (6k) gave slightly less desirable
results. Lower yields are anyhow often obtained in this kind of cyclization reaction when a cyano
group is present. The yield was low in the presence of a second nitro group (61), but the quinolone
could anyway be isolated (see later for the explanation). Despite the steric hindrance that a fused
polyaromatic ring causes (6m), it was nevertheless possible to get the corresponding quinolone.
Most significantly, both the highly oxidizable pyrrole and furan rings (6n-0) were tolerated. It
should be noted that this would not be the case for several of the reported quinolone synthesis,
which require the presence of an oxidant.!”%!7%187 Finally, both electron-donating (6p-q) and
electron-withdrawing (6r) substituents on the aryl ring bearing the nitro group can be present.
Generally, yields compared very favorably with those previously obtained by the use of
Rus3(CO)12/Ar-BIAN 7! or by the use of a palladium salt without any ligand.>®® However, in our
case, there is no need to employ a pressurized CO line and an autoclave. It should be emphasized
that in the case of the Ru-catalyst, the main byproduct was the corresponding dihydroquinolone,
derived from the Michael addition of an intermediately formed aniline to the conjugated C=C
double bond. In fact, the Ruz(CO)12/Ar-BIAN couple is known to be an excellent catalytic system
for the reduction of nitroarenes to anilines by CO/H>O '8 and water is present in trace amounts in
CO by necessity as an impurity. Fortunately, Pd-catalysts are less prone to this secondary reaction.
To fully exploit the potentialities of our synthetic protocol, a large-scale synthesis of 6d (~14-fold
increase and only ~10-fold increase in the solvent amount) was also performed to give the product
in 90% yield (only 3% loss compared to the standard conditions yield). Gratifyingly, we were able
to isolate the product by simple evaporation of the solvent and crystallization without the need of
any chromatographic purification (Scheme 21).
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Q Pd(CH5CN),Cly 1 mol%
O F O Phen 2.5 mol% O |
NO, OCH; HCOOH, Ac,0, Et;N N
DMF (100 mL) H
OCH,

130 °C, 12 h.
5d 6d

(2 g, 7.06 mmol) (1.6 g, 6.37 mmol, 90%)
Scheme 21. Large-scale synthesis of 2-(4-methoxyphenyl)quinolin-4(1H)-one 6d.

2.3. Graveoline synthesis

The alkaloid known as graveoline can be isolated from the Ruta graveolens L. plant, however the
purification process is difficult and only small amounts of the pure substance can be
recovered.?!?2  As illustrated earlier graveoline has been shown to display different
pharmacological properties,?*® being an apoptosis and autophagy inducer in skin melanoma cancer
cells.?** Furthermore, it could be employed as a platform molecule for the synthesis of more
elaborate compounds.?%’

Our synthetic approach could be successfully applied to the synthesis of Graveoline, through
methylation of the initially formed Norgraveoline (6s). Both the cyclization and the methylation
steps occur in high yields (Scheme 22) compared to the classical isolation method from ethanolic

extract of Ruta graveolens (3-5%).2042%

o
Q Pd(CH3CN),Cl, 1 mol% Q

O = O o> Phen 2.5 mol% O Mel, cho3 O
NO, o HCOOH, Ac,0, Et;N > " Acetone O )
5s DMF, 130 °C, 12 h. Reflux, 5 h.

6s (Norgraveoline) (74% Graveoline (88%)

Scheme 22. Synthesis of graveoline alkaloid.

2.4. Reaction mechanism

Based on some information that comes from a few observations and previous data, we were able
to propose the reaction mechanism shown in Scheme 23.

It is well assessed that the activation of nitroarenes by transition metal complexes occurs by an
electron transfer from the metal complex to the nitroarene and this step requires the metal to be in
a low oxidation state.**?%10010L103 Dye to the air sensitivity of zerovalent Pd-complexes, Pd(II)
pre-catalysts are typically employed, but their reduction in the presence of CO is fast. The identity
of the obtained zerovalent complex may depend on the reagents of the reaction. In the case of the
reductive cyclization of o-nitrostyrenes to indoles, we proposed that in the formed complex the
C=C double bond of the nitrostyrene coordinates to palladium. The rationale for this proposal was
that the reaction of 2,4-dinitrostilbene afforded 2-phenyl-6-nitroindole in high yield even though
the nitro group in the para position should be more easily accessible than that in the ortho one.
Coordination of the C=C double bond would place the latter in a closer position to the metal and

93



justify the observed selectivity. In the present case, an analogous situation occurs in substrate Sl,
where the second and more accessible nitro group is on the dangling aryl ring. The observed
selectivity in nitro quinolone is not as high as in the case of the indole synthesis, but still the
product was obtained, suggesting that even in this case the C=C double bond is coordinated to the
metal. The lower selectivity observed may be owing to the fact that the carbonyl group in 5l
increases the distance between palladium and the nitro group in the complex with respect to what
occurs with o-nitrostyrenes, decreasing the tendency for the ortho-nitro group to react.
Nitrosoarene is produced by deoxygenating the nitro group. Such kind of compound is known to
react quickly with olefinic groups present in the same molecule and the previously reported
isolation of N-hydroxy-quinolones when a Pd-catalyst is employed in the absence of any ligand 2%
strongly supports the idea that cyclization occurs at this stage.

o EtsN
M. +A,0 — co
H™ "OH - AcOH
o Pd(ll) + Phen
Reduction
0
|
H Ar [Pd(Phen)(CO)y]
+ CO,
[Pd(Phen)(CO),]
+CO
0]
|
l}l Ar 0
OH
O,N
0]
CO
hj Ar
(o) [Pd(Phen)(CO),]
+ CO,

Scheme 23. Proposed reaction mechanism of 2’-nitrochalcones reductive cyclization.

Another possibility is that the reduction of the nitro group proceeds up to the stage of the amino
group. The so formed aminochalcone would afford a dihydroquinolone by Michael addition and
the latter would be oxidized to a quinolone by a second molecule of nitrochalcone. However, this
possibility has been tested several years ago by running a competition experiment in which a 2'-
nitrochalcone and a 2'-aminochalcone bearing different substituents on the aryl ring were reacted
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at the same time in the presence of a Pd-catalyst and under pressurized CO. Only the quinolone
derived from the nitrochalcone was observed at the end of the reaction, with the aminochalcone
being recovered unreacted.'* It is improbable that a wholly distinct mechanism is occurring in the
two situations, despite the fact that the experimental conditions of that experiment were different
from those used in the current work, and the intermediate creation of anilines can thus be
discounted.

In the final reaction stage, the N-hydroxyquinolone is deoxygenated by CO. Such a reaction has
been shown to be catalyzed by the same complexes able to reduce nitroarenes in several cases 22"
and should proceed easily in the present system.

It is also important to note that although imido complexes are still frequently hypothesized as
intermediates in nitroarenes cyclization reactions, no sound experimental evidence has ever been
gained for their involvement and that they are claimed as such is questionable.?! Therefore, we did
not take this into account in this case.

3. Synthesis of the starting 2'-nitrochalcones

The most general method of obtaining 2'-nitrochalcones is by Claisen—Schmidt condensation
between substituted 2-nitroacetophenones and substituted benzaldehydes in the presence of
conventional homogeneous bases, such as aqueous or alcoholic alkali metal hydroxide
solutions.?®21° However, we were able to use this strategy to synthesize 2'-nitrochalcones 5 either

employing ethanol as the solvent 2% or using a solvent-free Claisen—Schmidt technique 2*:'4°
(Scheme 24).
O O
N OHC\@ A NaOH, EtOH o N / | N
Ri— + —R> > 1 g N2
¥ > =
N02 = B NaOH, K2CO3 NOZ

Solvent-free

Scheme 24. Synthesis of 2'-nitrochalcones 5 using Claisen—Schmidt condensation.

4. Conclusion

Despite the fact that there are numerous methods for synthesizing 4-quinolones, the majority of
them have difficulties when an aryl ring is introduced at position 2. In the present work, we have
introduced a new protocol for the synthesis of 2-aryl-4-quinolones that, despite employing CO as
areducing agent, can be performed without employing any gaseous reagent. Considering what was
discussed in the synthesis of indoles, cheap formic acid activated by acetic anhydride is employed
as a CO surrogate and the reaction can be performed in an economical pressure tube, easily
available in different dimensions from a few milliliters to about 1 liter. The only stoichiometric
byproducts are CO; and acetic acid, both of which are easily separable from the other products of
the reaction. The reaction tolerated different types of substituents and the isolated yields are higher
than those previously obtained using pressurized CO, demonstrating the efficiency of formic acid
as a CO surrogate in this kind of reaction.
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5. Experimental Section

5.1. General information

Unless otherwise stated, all the reactions were carried out under dinitrogen atmosphere using
standard Schlenk apparatus. All glassware and magnetic stirring bars were kept in an oven at
120 °C for at least two hours and let to cool under vacuum before use. All the solvents (either for
catalytic reactions or for NMR) in this work have been treated, dried and/or distilled according to
what was described in (Chapter I). 'TH-NMR and '3C-NMR spectra were recorded on a Bruker
Avance DRX 400 or Avance NEO 400. Chemical shifts are reported in ppm relative to
tetramethylsilane. Elemental analyses were performed on a Perkin Elmer 2400 CHN elemental
analyzer. Thin-layer chromatography (TLC) was performed using precoated silica gel 60 F254
MACHEREY-NAGEL plates. TLC plates were visualized by exposing UV light. Flash column
chromatography was performed on MACHEREY-NAGEL flash silica gel 0.04-0.063 mm size.
HPLC analyses were performed using a HP 1050 chromatograph with a variable wavelength UV-
VIS detector equipped with a LiChroCART 125-4 Purospher RP-18 end-capped (5 um) column
using isocratic elution (MeOH:H>O 6:4 + 0.1 % formic acid). For a standard analysis,
benzophenone was added to the reaction mixture in the pressure tube, after the reaction, and MeOH
(5 mL) was added to ensure complete solubilization. After sonicating the mixture for 5 minutes,
the opportune amount of the sample was taken and added to a 10 mL measuring flask containing
the eluent used for the analysis (conc. 0.02 mg/mL calculated with respect to benzophenone used
as the internal standard). Palladium precursors used in the present work have been prepared as the
procedures reported in the literature '*"152 and as described in (Chapter I).

5.2. General procedure for the catalytic reactions

To avoid weighing errors, stock solutions of Pd catalyst and Phen were separately prepared under
dinitrogen in the reaction solvent. For a typical catalytic reaction, a pressure tube equipped with a
magnetic stirring bar (Fig. 4, chapter I) was charged with 2’-nitrochalcone derivative (0.5 mmol).
The tube was placed in a large mouth Schlenk tube and evacuated and filled with dinitrogen three
times. The appropriate volumes of stock solutions of the catalysts and Phen were added, and the
mixture stirred for 10 minutes to allow the formation of the Pd/Phen complex. Subsequently, EtsN
(1.5 mmol) and acetic anhydride (1.5 mmol) were added with stirring by means of a micropipette.
The stirring was then stopped, and the remaining amount of solvent (10 mL total volume) was
layered carefully. Finally, formic acid (1.5 mmol) was added, and the pressure tube was sealed
under dinitrogen. It is important to note that the order of addition of the reagents and solvent
layering are critical to avoid loss of the formed CO. Indeed, as soon as HCO2H, Ac-O and the base
are mixed, CO starts to evolve even at room temperature. The pressure tube was then placed and
heated while stirring in an aluminum block preheated at 130 °C. At the end of the reaction, the
pressure tube was removed from the aluminum block, let to cool to room temperature and slowly
opened under a fume hood. For the optimization study, the internal standard was added, and the
reaction mixture analyzed by HPLC. For the substrate scope study, the reaction mixture was
transferred to a one-neck round bottom flask in the air, the possibly formed solid was taken up
from the pressure tube with CH>Cl, and the volatiles were evaporated under reduced pressure at
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ca. 50 °C. The crude was subjected to silica-gel column chromatography using gradient elution
from CH>Cl, to CH2Cl, + 4% MeOH, unless otherwise stated.

5.3. Procedure for the large-scale synthesis of 4-quinolone (6d)

A large-scale reaction was carried out in a 250 mL heavy-walled glass pressure bottle (Fig. 4,
chapter I) to prepare 6d under the optimal conditions. The reaction was scaled up increasing the
substrate amount 14-fold with respect to the standard conditions. The pressure bottle was charged
with solid reagents, substrate 5d (2.00 g, 7.06 mmol), Pd(CH3CN)Cl, (I mol%) and
phenanthroline (5 mol%), and then placed in a Schlenk tube with a large mouth. The tube was
evacuated and filled three times with dinitrogen. DMF (30 mL), triethylamine (3.0 mL, 21 mmol)
and acetic anhydride (2.0 mL, 21 mmol) were added, and the mixture was stirred for 10 minutes.
The stirring was stopped, and the remaining solvent amount (DMF, 70 mL) was layered. Finally,
formic acid (0.80 mL, 21 mmol) was added, and the bottle was sealed with the screw-cap. The
total amount of solvent was increased only 10-fold instead of 14-fold to facilitate the subsequent
workup. Metallic palladium precipitated on the bottle walls at the end of the reaction.
Subsequently, the solution was filtered on a short pad of Celite in a Pasteur pipette using the
cannula technique to get rid of any potential colloidal palladium particles. The solvent was
evaporated, and the crude recrystallized from methanol/CH>Cl, 75:15 (80 mL). The product was
collected by suction filtration on a Buchner funnel and dried under vacuum for several hours to
give 6d as an analytically pure white solid.

5.4. Preparation of 2'-nitrochalcones

2’-Nitrochalcones were synthesized following the modified procedures herein reported.

Procedure A:
(@]
NaOH, EtOH Q
o N OHC\O 0 °C - r.t, overnight N = | X
1 + 7R > Ry R
=
NO, = Procedure B: = NO, 7

NaOH (10 mol%)
K,CO3 (10 mol%)
Grinding, r.t

General Procedure A
The synthesis was performed following the procedure reported in the literature.?%

Under nitrogen atmosphere, a 2-nitroacetophenone derivative (3 mmol) was dissolved in ethanol
(5 mL), then a solution of sodium hydroxide (3 mmol) in ethanol (5 mL) was added dropwise at
0 °C. Subsequently a solution of the benzaldehyde derivative (3 mmol) in ethanol (5 mL) was
added to the reaction mixture over 30 minutes at 0 °C. The reaction was stirred at room temperature
overnight to allow the precipitation of the desired product. The product was recovered by filtration
and washed with cold ethanol and hexane.

General Procedure B
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The synthesis was performed following the procedure reported in the literature.?*!%

In a dry mortar, benzaldehyde derivative (3 mmol) was grinded with potassium carbonate (0.3
mmol) and sodium hydroxide (0.3 mmol). 2-Nitroacetophenone derivative (3 mmol) was added
dropwise at room temperature. After reaction completion (followed by TLC), water (15 mL) and
ethyl acetate (15 mL) were added, and the mixture transferred to a separating funnel. The organic
layer was separated, and the aqueous phase extracted with ethyl acetate (3 x 15 mL). The combined
organic layer was washed with water (3x50 mL) and brine (50 mL), dried over NaxSOs, filtered
and the organic solvent removed under reduced pressure to afford the crude product. The crude
was recrystallized from methanol or purified by column chromatography to give the final product.

2'-Nitrochalcones 5a, b, d, f-i, s were prepared according to general procedure A and their NMR
analysis were in accordance to those previously reported in the literature.?!! 5k was prepared
following the general procedure B and its analytical data are in accordance to those previously
reported in the literature.?%® The analysis for the other starting compounds are reported below.

(E)-3-mesityl-1-(2-nitrophenyl)prop-2-en-1-one (5¢)
O

CC0
NO,

Prepared according to general procedure A. Obtained as a yellow solid (354 mg, 1.2 mmol, 40%
yield).

'H NMR (400 MHz, CDCL3) & 8.18 (dd, J = 8.2, 0.8 Hz, 1H), 7.77 (td, J= 7.5, 1.1 Hz, 1H), 7.65
(td, J= 8.2, 1.4 Hz, 1H), 7.54 (dd, J= 7.5, 1.3 Hz, 1H), 7.38 (d, J = 16.6 Hz, 1H), 6.88 (s, 2H),
6.62 (d, J=16.6 Hz, 1H), 2.27 (d, J = 4.0 Hz, 9H) ppm.

3C NMR (100 MHz, CDCls) & 193.3, 146.9, 145.2, 139.2, 137.0, 136.4, 134.2, 131.6, 130.7,
130.5, 129.4, 128.9, 124.6, 21.2, 21.1 ppm.

Elemental Analysis calcd for C1sH17NOs: C, 73.20; H, 5.80; N, 4.74, found: C, 72.97; H, 5.96; N,
4.68.

(E)-3-(3-(benzyloxy)-4-methoxyphenyl)-1-(2-nitrophenyl)prop-2-en-1-one (5e)

o)
CrCr
NO, OCH,

Prepared according to general procedure A. Obtained as a yellow solid (1.1 g, 2.7 mmol, 91%
yield).

'H NMR (400 MHz, CDCl3) & 8.16 (d, J = 8.2 Hz, 1H), 7.74 (t, J = 7.5 Hz, 1H), 7.63 (t, J= 7.8
Hz, 1H), 7.48 (d, J= 7.5 Hz, 1H), 7.44 (d, J= 7.5 Hz, 2H), 7.38 (t, J = 7.4 Hz, 2H), 7.33 (d, J =
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7.2 Hz, 1H), 7.15 (d, J= 16.2 Hz, 1H), 7.11 — 7.03 (m, 2H), 6.87 (d, J = 8.1 Hz, 1H), 6.80 (d, J =
16.1 Hz, 1H), 5.15 (s, 2H), 3.91 (s, 3H) ppm.

3C NMR (100 MHz, CDCl3) & 192.9, 152.7, 148.6, 146.9, 146.6, 136.7, 134.1, 130.5, 129.0,
128.8, 128.2, 127.5, 127.0, 124.7, 124.3, 124.1, 112.9, 111.7, 71.3, 56.2 ppm.

Elemental Analysis calcd for C23H19NOs: C, 70.94; H, 4.92; N, 3.60, found: C, 71.07; H, 4.94; N,
3.65.

(E)-methyl 4-(3-(2-nitrophenyl)-3-oxoprop-1-en-1-yl)benzoate (5j)
O

¢
NO, COOCHS3;

Prepared according to general procedure B. Obtained as a white solid (635 mg, 2 mmol, 68% yield)
after purification by column chromatography (hexane:AcOEt = 90:10).

"H NMR (400 MHz, CDCI3) 6 8.19 (d, J = 8.2 Hz, 1H), 8.03 (d, J = 7.1 Hz, 2H), 7.78 (t, J=7.5
Hz, 1H), 7.67 (t, J=17.9 Hz, 1H), 7.55 (d, J = 8.1 Hz, 2H), 7.51 (d, J= 7.4 Hz, 1H), 7.27 (d, J =
16.3 Hz, 1H, overlapped with CDCl3), 7.05 (d, J=16.3 Hz, 1H), 3.92 (s, 3H) ppm.

3C NMR (100 MHz, CDCl3) & 192.6, 166.4, 146.8, 144.4, 138.3, 136.3, 134.3, 132.1, 130.9,
130.3, 128.9, 128.5, 128.3, 124.7, 52.5 ppm.

Elemental Analysis calcd for C17H13NOs: C, 65.59; H, 4.21; N, 4.50, found: C, 65.58; H, 4.35; N,
4.51.

(E)-1-(2-nitrophenyl)-3-(4-nitrophenyl)prop-2-en-1-one (51)
O

L0
NO, NO,

Prepared according to general procedure B. Obtained as a yellow solid (376 mg, 1.3 mmol, 42%
yield) after purification by column chromatography (hexane:AcOEt = 80:20).

"H NMR (400 MHz, CDCls) 6 8.26 - 8.12 (m, 3H), 7.80 (td, /= 7.5, 1.0 Hz, 1H), 7.70 (td, J = 8.0,
1.4 Hz 1H), 7.67 (d, J= 8.8 Hz, 2H), 7.52 (dd, /= 7.5, 1.3 Hz, 1H), 7.31 (d, /= 16.3 Hz, 1H), 7.08
(d,J=16.3 Hz, 1H) ppm.

3C NMR (100 MHz, CDCl3) & 192.1, 148.9, 146.8, 142.3, 140.2, 136.0, 134.5, 131.2, 129.7,
129.2, 128.9, 124.8, 124.3 ppm.

Elemental Analysis calcd for CisH10N20s: C, 60.41; H, 3.38; N, 9.39, found: C, 60.32; H, 3.53; N,
9.66.

(E)-3-(anthracen-9-yl)-1-(2-nitrophenyl)prop-2-en-1-one (Sm)
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Prepared according to general procedure B. Obtained as a yellow solid (954 mg, 2.7 mmol, 90%
yield) after recrystallization from methanol.

'HNMR (400 MHz, CDCls) § 8.45 (d, J= 6.5 Hz, 1H), 8.26 (s, 1H), 8.23 (d, J = 8.8 Hz, 1H), 8.12
(d, J= 8.5 Hz, 2H), 8.00 (d, J= 8.1 Hz, 2H), 7.85 (t, J= 7.5 Hz, 1H), 7.70 (t, J = 7.8 Hz, 2H), 7.58
—7.43 (m, 4H), 6.99 (d, J = 16.5 Hz, 1H) ppm.

3C NMR (100 MHz, CDCls) & 192.5, 147.0, 143.4, 136.6, 135.3, 134.5, 131.0, 129.5, 129.1,
129.06, 129.0, 128.7, 126.9, 125.6, 125.0, 124.8 ppm.

Elemental Analysis calcd for C23H1sNOs: C, 78.17; H, 4.28; N, 3.96, found: C, 78.56; H, 4.19; N,
4.09.

(E)-3-(1-methyl-1H-pyrrol-2-yl)-1-(2-nitrophenyl)prop-2-en-1-one (5n)

0]

N

N—/
NO, ~

Prepared according to general procedure A. Obtained as a yellow solid (338 mg, 1.3 mmol, 44%
yield).

'H NMR (400 MHz, CDCls) & 8.09 (dd, J = 8.2, 0.9 Hz, 1H), 7.72 (td, J= 7.5, 1.1 Hz, 1H), 7.60
(td, J=8.0, 1.4 Hz, 1H), 7.51 (dd, J="7.5, 1.3 Hz, 1H), 7.36 (d, J = 15.7 Hz, 1H), 6.84 — 6.78 (m,
1H), 6.75 — 6.72 (m, 1H), 6.71 (d, J = 15.6 Hz, 1H), 6.19 (dd, J = 3.8, 2.7 Hz, 1H), 3.65 (s, 3H)
ppm.

13C NMR (100 MHz, CDCls) & 191.8, 147.2, 137.1, 133.8, 133.7, 130.5, 129.4, 129.0, 128.9,
124.5,119.9, 114.4, 110.3, 34.6 ppm.

Elemental Analysis calcd for C14H12N203: C, 65.62; H, 4.72; N, 10.93, found: C, 65.58; H, 4.83;
N, 11.12.

(E)-3-(5-methylfuran-2-yl)-1-(2-nitrophenyl)prop-2-en-1-one (50)

0]

//

0/
NO,

Prepared according to general procedure A. Obtained as a white solid (509 mg, 2 mmol, 66%
yield).
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'H NMR (400 MHz, CDCl3) & 8.17 — 8.07 (m, 1H), 7.72 (tdd, J = 7.5, 2.2, 1.2 Hz, 1H), 7.63 —
7.60 (m, 1H), 7.54 — 7.44 (m, 1H), 7.01 (dd, J = 15.8, 3.0 Hz, 1H), 6.79 (dd, J = 15.8, 2.7 Hz, 1H),
6.60 — 6.54 (m, 1H), 6.11 — 6.10 (m, 1H), 2.34 (d, J = 3.0 Hz, 3H) ppm.

3C NMR (100 MHz, CDCl3) & 192.3, 157.0, 149.3, 146.9, 136.8, 134.0, 132.2, 130.5, 128.9,
124.6, 121.6, 119.2, 109.7, 14.1 ppm.

Elemental Analysis calcd for C14H11NOa: C, 65.37; H, 4.31; N, 5.44, found: C, 65.25; H, 4.70; N,
5.09.

(E)-1-(6-nitrobenzo[d][1,3]dioxol-5-yl)-3-phenylprop-2-en-1-one (5p)

O
S0
o NO,
Prepared according to general procedure A. Obtained as a white solid (803 mg, 2.7 mmol, 90%

yield).

"H NMR (400 MHz, CDCls) § 7.63 (d, J = 2.1 Hz, 1H), 7.54 — 7.44 (m, 2H), 7.40-7.36 (m, 3H),
7.24 (d, J=17.2 Hz, 1H, overlapped with CDCls), 6.93 (d, /= 16.2 Hz, 1H), 6.83 (s, 1H), 6.21 (s,
2H) ppm.

3C NMR (100 MHz, CDCl3) & 192.4, 152.7, 149.1, 145.8, 141.4, 134.1, 133.2, 131.1, 129.1,
128.6, 126.5, 107.8, 105.2, 103.8 ppm.

Elemental Analysis calcd for CisH11NOs: C, 64.65; H, 3.73; N, 4.71, found: C, 64.88; H, 3.95; N,
4.52.

(E)-1-(6-nitrobenzo[d][1,3]dioxol-5-yl)-3-(p-tolyl)prop-2-en-1-one (5q)

O
L0
o NO,
Prepared according to general procedure A. Obtained as a yellow solid (672 mg, 2.2 mmol, 72%

yield).

'"H NMR (400 MHz, CDCl3) & 7.62 (s, 1H), 7.38 (d, J = 7.6 Hz, 2H), 7.25-7.17 (m, 3H), 6.89 (d,
J=16.2 Hz, 1H), 6.82 (s, 1H), 6.20 (s, 2H), 2.37 (s, 3H) ppm.

3C NMR (100 MHz, CDCls) & 192.5, 152.6, 149.0, 146.0, 141.8, 141.3, 133.4, 131.4, 129.9,
128.7,125.5,107.8, 105.2, 103.7, 21.7 ppm.

Elemental Analysis calcd for C17H13NOs: C, 65.59; H, 4.21; N, 4.50, found: C, 65.83; H, 4.56; N,
4.39.

(E)-1-(5-chloro-2-nitrophenyl)-3-(p-tolyl)prop-2-en-1-one (5r)
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O
OO
NO,
Prepared according to general procedure A. Obtained as a white solid (498 mg, 1.7 mmol, 55%

yield).

'H NMR (400 MHz, CDCl3)  8.14 (d, J = 8.8 Hz, 1H), 7.59 (dd, J= 8.8, 2.3 Hz, 1H), 7.45 (d, J
= 2.2 Hz, 1H), 7.40 (d, J = 8.1 Hz, 2H), 7.24 — 7.17 (m, 3H), 6.94 (d, J = 16.2 Hz, 1H), 2.37 (s,
3H) ppm.

13C NMR (100 MHz, CDCls) & 191.4, 147.2, 145.0, 142.2, 141.0, 138.2, 131.2, 130.6, 129.9,
129.0, 128.8, 126.2, 124.9, 21.7 ppm.

Elemental Analysis caled for Ci6H12CINO;: C, 63.69; H, 4.01; N, 4.64, found: C, 63.92; H, 3.91;
N, 4.78.

5.5. Characterization data for 4-quinolones (6a-e) and (6g-r)

2-Phenylquinolin-4(1H)-one (6a).>"
O

L
N
e
Obtained as a white solid (103 mg, 0.47 mmol, 93 % yield).

"H NMR (400 MHz, DMSO-ds) § 11.70 (s, 1H), 8.11 (d, J = 8.0 Hz, 1H), 7.87 — 7.80 (m, 2H),
7.77 (d, J = 8.3 Hz, 1H), 7.67 (t, J= 7.6 Hz, 1H), 7.61 — 7.57 (m, 3H), 7.34 (t, J = 7.5 Hz, 1H),
6.33 (s, 1H) ppm.

13C NMR (100 MHz, DMSO-ds) § 176.9, 150.0, 140.5, 134.2, 131.8, 130.4, 129.0, 127.4, 124.9,
124.7,123.2, 118.7, 107.3 ppm.

2-(4-Methylphenyl)quinolin-4(1H)-one (6b).>3
O

(L]
A
H

Obtained as a pale orange solid (106 mg, 0.45 mmol, 90% yield).

102



'H NMR (400 MHz, DMSO-ds) 5 11.63 (s, 1H), 8.10 (dd, J = 8.1, 1.2 Hz, 1H), 7.77 (d, J = 8.4
Hz, 1H), 7.74 (d, J = 8.0 Hz, 2H), 7.66 (ddd, J = 8.4, 7.0, 1.5 Hz, 1H), 7.39 (d, J = 8.0 Hz, 2H),
7.33 (t,J= 7.4 Hz, 1H), 6.32 (s, 1H), 2.40 (s, 3H) ppm.

3C NMR (100 MHz, DMSO-ds) § 176.9, 149.9, 140.5, 140.3, 131.7, 131.3, 129.5, 127.2, 124.8,
124.7,123.1, 118.7, 106.9, 20.9 ppm.

2-(2,4,6-trimethylphenyl)quinolin-4(1H)-one (6¢).
0]

L,
N
I

Obtained as a white solid (74 mg, 0.30 mmol, 56%yield).

'H NMR (400 MHz, DMSO-ds) 5 11.74 (s, 1H), 8.23 — 8.04 (m, 1H), 7.64 (ddd, J = 8.4, 7.0, 1.5
Hz, 1H), 7.56 (d, J = 8.0 Hz, 1H), 7.38 — 7.29 (m, 1H), 7.02 (s, 2H), 2.30 (s, 3H), 2.13 (s, 6H)

13C NMR (100 MHz, DMSO-ds) § 176.7, 149.8, 140.4, 138.4, 135.6, 132.1, 131.6, 128.1, 124.85,
124.81, 123.1, 118.3, 109.6, 20.6, 19.3 ppm.

Elemental Analysis caled for C1sH17NO: C, 81.10; H, 6.51; N, 5.32, found: C, 80.75; H, 6.73; N,
5.10.

2-(4-Methoxyphenyl)quinolin-4(1H)-one (6d).2'3
0]

L]
N
A
OMe

Obtained as an off-white solid (117 mg, 0.47 mmol, 93% yield).

'H NMR (400 MHz, DMSO-ds) & 11.62 (s, 1H), 8.10 (d, J = 7.7 Hz, 1H), 7.87 — 7.75 (m, 3H),
7.65 (t, J=17.2 Hz, 1H), 7.32 (t, J=7.0 Hz, 1H), 7.12 (d, J = 8.1 Hz, 2H), 6.32 (s, 1H), 3.84 (s,
3H) ppm.

13C NMR (100 MHz, DMSO-ds) 5 176.8, 161.0, 149.7, 140.5, 131.6, 128.8, 126.2, 124.8, 124.7,
123.1, 118.6, 114.4, 106.5, 55.4 ppm.

2-(3-Benzyloxy-4-methoxy-phenyl)quinolin-4(1H)-one (6e).
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O N | OBn
H |O
OMe

Obtained as a pale pink solid (109 mg, 0.30 mmol, 61% yield).

'"H NMR (400 MHz, DMSO-ds) § 11.59 (s, 1H), 8.10 (dd, ] = 8.0, 1.1 Hz, 1H), 7.78 (d, J = 8.2 Hz,
1H), 7.69 — 7.64 (m, 1H), 7.55 — 7.39 (m, 6H), 7.37 — 7.29 (m, 2H), 7.18 (d, J = 8.5 Hz, 1H), 6.38
(s, 1H), 5.23 (s, 2H), 3.86 (s, 3H) ppm.

3C NMR (100 MHz, DMSO-ds) § 176.8, 151.1, 149.8, 147.9, 140.5, 136.9, 131.7, 128.5, 127.94,
127.88,126.4, 124.73, 124.67, 123.2, 120.5, 118.7, 112.6, 112.1, 106.6, 70.2, 55.8 ppm.

Elemental Analysis calcd for C23H19NOs: C, 77.29; H, 5.36; N, 3.36, found: C, 77.02; H, 5.08; N,
2.97.

2-(4-Fluorophenyl)quinolin-4(1H)-one (6g).>!3
0]

L,
N
e

F

Obtained as a golden-yellow solid (97 mg, 0.41 mmol, 81% yield).

'H NMR (400 MHz, DMSO-ds) & 11.71 (s, 1H), 8.10 (ddd, J = 8.1, 1.5, 0.5 Hz, 1H), 7.91 (dd, J =
8.7, 5.6 Hz, 2H), 7.75 (d, J = 8.4 Hz, 1H), 7.67 (ddd, J = 8.4, 6.9, 1.5 Hz, 1H), 7.47 — 7.40 (m,
2H), 7.34 (ddd, J = 8.1, 7.0, 1.3 Hz, 1H), 6.33 (br, 1H) ppm.

13C NMR (100 MHz, DMSO-ds) & 176.9, 163.4 (d 'Jc.r, 248.0 Hz), 149.0, 140.5, 131.8, 129.9 (d
3Je.r, 8.7 Hz), 124.7, 123.3, 118.7, 116.0 (d 2Jc.r, 21.8 Hz), 107.4 ppm.

2-(4-Chlorophenyl)quinolin-4(1H)-one (6h).>'
O

)
N
e

Cl

Obtained as an off-white solid (106 mg, 0.41 mmol, 83% yield).

'H NMR (400 MHz, DMSO-ds)  11.72 (s, 1H), 8.10 (d, J=7.9 Hz, 1H), 7.87 (d, J= 8.2 Hz, 2H),
7.80 — 7.62 (m, 4H), 7.34 (t, J = 7.3 Hz, 1H), 6.35 (s, 1H) ppm.
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13C NMR (100 MHz, DMSO-ds) & 176.9, 148.8, 140.5, 135.2, 131.9, 129.3, 129.0, 124.7, 123 .4,
118.8, 107.5 ppm.

2-(4-Bromophenyl)quinolin-4(1H)-one (6i).>'s

O

L)
N
AP
Br

Obtained as a pink solid (109 mg, 0.36 mmol, 73% yield).

'H NMR (400 MHz, DMSO-ds) 8 11.72 (s, 1H), 8.10 (d, J = 7.5 Hz, 1H), 7.80 (s, 4H), 7.75 (d, J
= 8.3 Hz, 1H), 7.69 (dd, J= 11.0, 4.1 Hz, 1H), 7.35 (t, /= 7.4 Hz, 1H) ppm.

13C NMR (100 MHz, DMSO-ds) & 177.0, 148.9, 140.5, 133.3, 131.9, 129.5, 124.9, 124.7, 124.0,
123.4, 118.7, 107.5 ppm.

2-(4-Carbomethoxyphenyl)quinolin-4(1H)-one (6j).1¢
O

L]
N
e
COOMe

Obtained as a pink solid (116 mg, 0.42 mmol, 83% yield).

'H NMR (400 MHz, DMSO-ds) & 11.85 (s, 1H), 8.18 — 8.08 (m, 2H), 8.00 (d, J = 7.8 Hz, 2H),
7.79 (d, J= 8.3 Hz, 1H), 7.70 (t, J= 7.1 Hz, 1H), 7.36 (t, J = 7.4 Hz, 1H), 6.41 (s, 1H), 3.92 (s,
3H) ppm.

13C NMR (100 MHz, DMSO-ds) 5 176.9, 165.7, 148.7, 140.5, 138.5, 132.0, 131.1, 129.6, 127.9,
124.9, 124.7, 123.4, 118.8, 108.0, 52.4 ppm.

2-(4-Cyanophenyl)quinolin-4(1H)-one (6Kk).2!”
0]

L]
N
e
CN

Obtained as a light orange solid (68 mg, 0.28 mmol, 55% yield).

'H NMR (400 MHz, DMSO-ds) 5 11.84 (s, 1H), 8.12 (d, J = 7.9 Hz, 1H), 8.09 — 8.02 (m, 4H),
7.77 (d, J = 8.3 Hz, 1H), 7.70 (t, J = 7.2 Hz, 1H), 7.37 (t, J= 7.4 Hz, 1H), 6.45 (s, I H) ppm.
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13C NMR (100 MHz, DMSO-ds) 6 132.8, 132.0, 128.4, 124.6, 123.6, 118.4, 112.8 ppm. Due to the
low solubility of the compound in DMSO-ds, no quaternary carbon was detected.

2-(4-Nitrophenyl)quinolin-4(1H)-one (61).>'8
0]

L]
N
O
NO,

Obtained as a red solid (14 mg, 0.05 mmol, 11% yield) after purification by column
chromatography using hexane:AcOEt (70:30).

'H NMR (400 MHz, DMSO-ds) 8 10.17 (s, 1H), 8.27 (d, J = 8.7 Hz, 2H), 8.01 (dd, J = 49.0, 8.6
Hz, 2H), 7.62 (d, J=7.6 Hz, 1H), 7.54 (dt, J= 14.2, 6.8 Hz, 1H), 7.16 (d, J = 8.0 Hz, 1H), 6.98 (t,
J=7.4Hz, 1H), 6.67 (s, 1H) ppm.

3C NMR (100 MHz, DMSO-ds) § 186.6, 154.3, 146.0, 141.3, 137.0, 136.3, 130.4, 124.5, 123.9,
120.5, 119.7, 112.7, 106.1 ppm.

2-(Anthracen-9-yl)quinolin-4(1H)-one (6m).>!”
O

(L) E
N
C
Obtained as a tan solid (50 mg, 0.16 mmol, 31%yield).

'H NMR (400 MHz, DMSO-dy) 5 12.22 (s, 1H), 8.84 (s, 1H), 8.28 (dd, J = 8.1, 1.2 Hz, 1H), 8.24
—8.19 (m, 2H), 7.80 (d, J= 8.3 Hz, 2H), 7.72 (ddd, J=8.4, 7.1, 1.5 Hz, 1H), 7.64 — 7.52 (m, SH),
7.47 —7.41 (m, 1H), 6.20 (s, 1H) ppm.

3CNMR (100 MHz, DMSO-ds) § 176.7,147.9, 140.7, 132.0, 130.6, 129.1, 128.73, 128.74 128.64,
128.57,127.2, 125.7, 125.3, 125.0, 123.5, 118.5, 112.1 ppm.

2-(1-Methyl-1H-pyrrol-2-yl)quinolin-4(1H)-one (6n).
O
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Obtained as a dark solid (70 mg, 0.31 mmol, 62% yield) after purification by column
chromatography using hexane:AcOEt (60:40).

"H NMR (400 MHz, DMSO-ds) § 9.31 (s, 1H), 7.55 (d, J = 7.6 Hz, 1H), 7.47 (ddd, J = 8.3, 7.3,
1.3 Hz, 1H), 7.15 (d, J = 8.2 Hz, 1H), 7.06 (dd, J= 2.3, 1.6 Hz, 1H), 6.96 (ddd, J = 3.9, 1.6, 0.6
Hz, 1H), 6.88 (ddd, J = 7.6, 7.1, 0.7 Hz, 1H), 6.66 (s, 1H), 6.26 (ddd, J = 3.9, 2.6, 0.6 Hz, 1H),
3.74 (s, 3H) ppm.

3C NMR (100 MHz, DMSO-ds) & 184.8, 152.7, 135.3, 130.9, 127.6, 127.3, 123.6, 120.6, 119.2,
113.7,112.5, 109.5, 99.8, 33.7 ppm.

Elemental Analysis calcd for Ci4H12N2O: C, 74.98; H, 5.39; N, 12.49, found: C, 75.34; H, 5.06;
N, 12.67.

2-(5-Methylfuran-2-yl)quinolin-4(1H)-one (60).
O

Obtained as an orange solid (40 mg, 0.18 mmol, 35% yield) after purification by column
chromatography using hexane:AcOEt (80:20).

"H NMR (400 MHz, CDCl3) § 7.70 (d, J = 7.7 Hz, 1H), 7.62 (br, 1H), 7.47 — 7.33 (m, 1H), 6.99
(d, J=8.1 Hz, 1H), 6.94 — 6.84 (m, 1H), 6.60 (s, 1H), 6.53 (d, /= 3.3 Hz, 1H), 6.16 — 6.10 (m,
1H), 2.43 (s, 3H) ppm.

BCNMR (100 MHz, CDCl3) 6 185.8, 155.1, 152.0, 150.6, 135.8, 132.4, 124.8, 121.5, 120.0, 116.5,
111.5, 109.6, 99.0, 14.4 ppm.

Elemental Analysis calcd for C14H11NO2: C, 74.65; H, 4.92; N, 6.22, found: C, 74.27; H, 5.11; N,
5.97.

6-Phenyl-[1,3]dioxolo[4,5-g] quinolin-8(5H)-one (6p).'”’
0

G ]

O N
H

Obtained as a pink solid (105 mg, 0.40 mmol, 79% yield).

"H NMR (400 MHz, DMSO-ds) & 11.58 (s, 1H), 7.80 (s, 3H), 7.57 (m, 3H), 7.40 (s, 1H), 7.20 (s,
1H), 6.27 (s, 1H), 6.15 (s, 3H) ppm.
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3C NMR (100 MHz, DMSO-ds) § 175.8, 151.1, 148.5, 145.20, 137.4, 134.2, 130.2, 129.0, 127.2,
120.4, 106.5, 101.9, 101.2, 97.2 ppm.

6-(4-Methylphenyl)-[1,3]dioxolo[4,5-g]quinolin-8(5H)-one (6q).>"
(0]

CL ]

0 N
H

Obtained as a pink solid (126 mg, 0.45 mmol, 90% yield).

'H NMR (400 MHz, DMSO-ds) & 11.51 (s, 1H), 7.70 (d, J = 8.2 Hz, 2H), 7.38 (m, 3H), 7.21 (s,
1H), 6.24 (d, J = 1.8 Hz, 1H), 6.15 (s, 2H), 2.40 (s, 3H) ppm.

3C NMR (100 MHz, DMSO-ds) § 175.7, 151.0, 148.5, 145.0, 140.1, 137.4, 131.2, 129.5, 127.0,
120.4, 106.2, 101.9, 101.2, 97.2, 20.9 ppm.

6-Chloro-2-(4-methylphenyl)quinolin-4(1H)-one (6r).
O

Cl
L)
N
e

Obtained as a pink solid (95 mg, 0.35 mmol, 70% yield).

'H NMR (400 MHz, DMSO-ds) 6 11.81 (s, 1H), 8.03 (d,J=2.4 Hz, 1H), 7.81 (d, /= 8.9 Hz, 1H),
7.75 (d,J=8.0 Hz, 2H), 7.71 (dd, J = 8.9, 2.4 Hz, 1H), 7.40 (d, J= 8.0 Hz, 2H), 6.38 (s, 1H), 2.41
(s, 3H) ppm.

3C NMR (100 MHz, DMSO-ds) § 150.3, 140.5, 131.8, 131.0, 129.57, 127.8, 127.25, 123.58,
107.00, 20.89 ppm. Due to the low solubility of the compound in DMSO, four quaternary carbons
were not detected.

Elemental Analysis calcd for CisH12CINO: C, 71.25; H, 4.48; N, 5.19, found: C, 71.04; H, 4.66;
N, 4.93.

2-(Benzo|d][1,3]dioxol-5-yl)quinolin-4(1H)-one (6s).>'*

O]

|
0
e
o
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Obtained as a white solid (98 mg, 0.37 mmol, 74% yield).

'H NMR (400 MHz, DMSO-ds) § 11.56 (s, 1H), 8.08 (dd, J = 8.0, 1.0 Hz, 1H), 7.75 (d, J = 8.2
Hz, 1H), 7.70 — 7.62 (m, 1H), 7.42 (d, J = 1.6 Hz, 1H), 7.37 (dd, J=8.1, 1.7 Hz, 1H), 7.32 (t, J =
7.3 Hz, 1H), 7.11 (d, J = 8.1 Hz, 1H), 6.30 (s, 1H), 6.14 (s, 2H) ppm.

3C NMR (100 MHz, DMSO-ds) § 176.9, 149.5, 149.2, 147.9, 140.4, 131.7, 128.0, 124.8, 124.7,
123.1, 121.8, 118.6, 108.7, 107.6, 106.8, 101.8 ppm.

5.6. Synthesis of graveoline from (6s)

Norgraveoline 6s was prepared and isolated according to the general catalytic procedure described
above. In an oven dried Schlenk flask, 6s (50 mg, 0.19 mmol), potassium carbonate (52 mg, 0.38)
and methyl iodide (40 mg, 0.28 mmol) were dissolved in acetone (5 mL) and refluxed for 5 h.
After reaction completion, acetone was removed by rotary evaporation and the crude was purified
by filtration over silica-gel using hexane:AcOEt (1:9) as the eluent to afford the final product as
yellow crystals (46.5 mg, 0.17 mmol, 88%).

'H NMR (400 MHz, CDCL3) § 8.17 (dd, J= 8.3, 1.0 Hz, 1H), 8.06 (d, J= 8.2 Hz, 1H), 7.74 — 7.66
(m, 2H), 7.62 (dd, J=8.1, 1.8 Hz, 1H), 7.46 (ddd, J=8.2, 6.9, 1.1 Hz, 1H), 7.10 (s, 1H), 6.94 (d,
J=28.1Hz, 1H), 6.04 (s, 2H), 4.11 (s, 3H) ppm.

3C NMR (100 MHz, CDCI3) § 162.9, 158.38, 149.3, 148. 9, 148.4, 135.0, 130.1, 129.2, 125.3,
121.8, 121.8, 120.4, 108.5, 108.2, 101.5, 97.7, 55.8 ppm.

Elemental Analysis calcd for C17H13NOs: C, 73.11; H, 4.69; N, 5.02, found: C, 73.16; H, 4.57; N,
5.14.
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Chapter III:

Synthesis of 1,2-Oxazines and N-Arylpyrroles by Reductive
Cyclization of Nitroarenes in Presence of Dienes Using Formic
Acid as a CO-surrogate.

1. Introduction

Heterocyclic compounds belonging to the oxazines family are structural motifs present in a variety
of natural products, life science molecules and, in general, biologically active compounds.?*°
Within this family, 1,2-oxazines represent an intriguing class, for both their roles as bioactive
221222 and synthetic intermediates.??*??* Among them, 1,2-oxazines bearing an aryl ring
on the nitrogen atom are classically prepared by the hetero Diels-Alder [4+2] cycloaddition

molecules

reaction between a nitrosoarene and a dienes and the field has extensively been reviewed (Scheme
25, path A).220:223224.230-237 However, this transformation is limited by the reduced availability and

relatively low stability of nitroso compounds, which are also are suspected cancer promoters.>*®

N NHOH \
Ri—7 P + /_Rz

Oxidation
[Cu], [Fe]

5 RN A g, . PNULTEN
Ri—r P + /_Rz X N\/ - R + /—Rz
R _ Oxidation =
[Mo], [Se]

E | D

Reduction | Reduction
[Pd]+HCO,Ph | [Ru], [Pd]
-PhOH/-CO, | +CO/-CO,

5 S
R1_| / + /_Rz

Scheme 25. Synthetic approaches for the preparation of the 1,2-oxazine scaffold.

A more convenient alternative is represented by the domino reaction sequence in which a
nitrosoarene intermediate is catalytically produced in-situ from more stable and easily available
starting materials and subsequently trapped by the diene in the cycloaddition reaction. Oxidation
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of hydroxylamines (Scheme 25, path B) is typically employed to this aim when acylnitroso
compounds are desired, but the low stability of N-arylhydroxylamines makes this approach less
convenient for the latter substrates.’>>?*C A more interesting approach involves the use of
arylamines and organic or inorganic peroxides (Scheme 25, path C).241-243

The preparation of 1,2-oxazines from nitroarenes can be a valuable approach because of the wide
commercial availability and stability of the substrates (Scheme 25, path D). Several years ago, our
group reported that both Ru/Ar-BIAN (Ar-BIAN=bis(aryl)acenaphthenequinonediimine)’® and
Pd/Phen??’ catalyze this reaction when CO is employed as a reductant for the nitro group. Even if
Ru-complexes afforded only moderate yields due to the competitive formation of allylic amines,
very good selectivities towards 1,2-oxazines could be obtained by using the Pd/Phen catalyst.
However, in both cases, the use of pressurized CO is a drawback as indicated earlier. Recently we
were able to obtain the desired 1,2-oxazines using Pd/Phen catalytic system and HCO>Ph as a CO
surrogate by reaction of nitroarenes with conjugated dienes (Scheme 25, path E).2> We have
demonstrated in the previous chapters that the stoichiometric byproducts formed as a result of
using HCO,Ph or even other surrogates 6-81% could complicate the work-up. To solve this
problem, we decided to develop a new strategy based on using HCO->H as the CO source to
catalytically reduce nitroarenes in the presence of conjugated dienes to give oxazines. In addition
to avoiding the coproduction of phenol that would have resulted from the use of HCO>Ph, using
HCO:H activated by AcO also saves a synthetic step and enhances the overall atom economy of
the process (see Chapter I).

We have previously mentioned that 1,2-oxazines can be further transformed into other interesting
compounds. Among these transformations, the dehydration reaction to give pyrroles has a high
potential synthetic interest. Pyrrole is a 5-membered aromatic nitrogen-heterocycle that is
ubiquitous in compounds of biological and material significance (Fig. 6).

A. Biologically active pyrroles

c. f cl
[ NG, COOH @
o H Cl ‘ N\ \ N
HO
OH B N\ COOH
N o]
H Cl
Pyluteorin Pyrrolnitrin Tolmetin NB-64 ClogP:315
antibacterial antifungal anti-inflammatory antiviral

B. Reported aggregation-induced emission (AIE) pyrroles

o Yo

Fig. 6. Examples of useful pyrrole-containing molecules.
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For instance, pyrrole is the key structural component in chlorophylls and hemes; both of which are
molecules that play a crucial role for the existence of life. Some of the pyrroles have good
bioactivity such as antibacterial,>** antifungal,** anti-inflammatory,?*® antiviral,>*’ antimalarial,>*}
anticancer,?* antiparasitic,?*° etc., and can also be used as enzyme inhibitor in the organism?>!
(Fig. 6A). In addition, aryl-substituted pyrroles are important aggregation-induced emission
materials (Fig. 6B) and have lots of potential applications in biological probes, organic light-

emitting diodes and chemical sensors.>>

Since pyrroles play an important role in organic synthesis as well as in biology, the synthesis of
five-membered heterocyclic pyrrole compounds has always been valued by synthetic chemists.
Over the last decades, many methods for synthesizing pyrrole compounds in laboratory routes
have been reported,?>*** and the classical methods include Knorr pyrrole synthesis,?*> Paal-Knorr
synthesis,?*® Hantzsch synthesis, >’ Barton-Zard reaction,?*® Van Leusen synthesis,?>” and Piloty—

Robinson synthesis?®® (Scheme 26).

Piloty-Robinson
O
+ N H2N H2

R1 RsNO, ArCOCI Py Ry R

R1
ase
Paal-Knorr / NC NO,
/ \

Barton-Zard
ZW Base
\ EWG R,
e K I
Ha

R N Van Leusen
2 07 R, Ry
Knorr :\E i
R;

Hantzsch

COOR,

Scheme 26. Classical cycloaddition reactions for synthesis of pyrroles.

On the other hand, it has long been known that oxazines bearing electron-withdrawing groups on
the oxazine ring easily evolve into pyrroles in the presence of bases or acids, but no reaction occurs
in the absence of such substituents.?¢!263 Photochemical activation of the oxazine apparently works
even in the absence of electron-withdrawing groups (Scheme 27, path A),?%* but the best reported
yield in pyrrole was 61%. Rhodium??® and ruthenium?% complexes have been also reported to
catalyze the oxazine-pyrrole transformation, but in low yields. In 2003, we have reported that
thermal decomposition of in situ generated 3,6-dihydro-2H-[1,2]-oxazines at 200 °C results in the

112



formation of N-arylpyrroles (Scheme 27, path B).??” However, despite the simplicity of the two
steps-one pot procedure, only a fair selectivity in the oxazine-pyrrole conversion was achieved.
Moreover, a low-boiling point solvent for this reaction would not be compatible with the use of a
glass pressure tube and high boiling point solvents may cause severe product losses due to the
volatility of several pyrroles. More recently, Sajiki, Sawama, and co-workers reported that a
heterogeneous Cu/C catalyst is effective in catalyzing the conversion of 3,6-dihydro-2H-[1,2]-
oxazines into pyrroles, but despite the high yields obtained in several cases, the only pyrrole
lacking any substituent in both the 2 and 5 positions was obtained in only 35% yield (Scheme 27,
path C).2%°

(I)/\I_R A hv, ether or EtOH F\/Rz
R B 200 °C, Benzene |[—> 7
1 _ R1_|
=

C Cu/C, 120 °C, neat

Scheme 27. Synthetic pathways for the dehydration of 3,6-dihydro-2H-[1,2]-oxazines into N-arylpyrroles.

Use of CuCl in methanol afforded pyrroles in a specific system,?®® but only an amino alcohol was
obtained in the absence of specific substituents.?®’ Thus, it is clear that a general method for the
conversion of 3,6-dihydro-2H-[1,2]-oxazines into pyrroles is still lacking.

Therefore, in this chapter we will focus on:

1. Describing the use of the HCO2H/Ac2O mixture as a cheap, safe, and available CO
surrogate in the inter-molecular Pd-catalyzed reductive cyclization of nitroarenes in the
presence of conjugated dienes, which allows us to get 3,6-dihydro-2H-[1,2]-oxazines.

2. Discussing the transformation of the obtained oxazines into the corresponding 2,5-
unsubstituted-N-arylpyrroles which are difficult to produce employing most pyrrole
synthesis.

2. Results and Discussion

2.1. Optimization of the reaction conditions for the synthesis of 3,6-dihydro-2H-
[1,2]-oxazines

The catalyst for the reduction of nitroarenes was once again chosen to be a palladium salt or
complex with phenanthroline as a ligand forming the active species in situ since they are
consistently effective in this kind of reactions and especially when CO is used as a
reductant/carbonylating agent for nitroarenes and nitroalkenes as we demonstrated

earlier. 62,63,78,80,81,109,198,199,268
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The synthesis of 4,5-dimethyl-2-phenyl-3,6-dihydro-2H-[1,2]-oxazine (9aa) by reaction of
nitrobenzene (7a) with 2,3-dimethylbutadiene (8a) was chosen for the optimization of the reaction
conditions.

We started our study employing the experimental conditions previously optimized for the synthesis
of indoles using HCO2H (FA)/Ac20 mixture and employing Pd(acac); as the pre-catalyst (Table
14). However, the results were not encouraging.

Table 14. Testing previously optimized conditions for the synthesis of 4,5-dimethyl-2-phenyl-3,6-dihydro-
2H-[1,2]-oxazine using FA as the CO source.”

Pd(acac), 1 mol% 0
©/N02 i( Phen 5 mol% Kl:j(
+ >
Z FA/Ac,0, Et;N @
7a 8a Acetone

T°C, 10 h.

Entry FA/Ac;O/EN T (°C) Conv. (%)”  Sel. (%)”  Yield (%)°
to 7a mol ratio

1 2.5/2.5/2.5 110 100 48 48
2 2.5/2.5/2.5 100 42 37 16
3 3/3/3 110 69 50 34

a: Experimental conditions: 0.5 mmol of 7a, Pd(acac), (1 mol%), Phen (5 mol%),
8a/7a (mol ratio) = 4, FA/Ac,O/Et3N, acetone = 10 mL, t = 10 h. b: Determined by
GC using biphenyl as the internal standard.

Subsequently, we decided to test the experimental conditions previously optimized for the
corresponding reaction employing HCO>Ph as the CO surrogate,?® simply substituting the latter
with an equimolar amount of HCO,H and Ac>O (Table 15, entry 1). However, despite the almost
complete conversion observed, the selectivity in oxazine was much lower than that achieved with
the use of HCO2Ph and increasing the reaction time did not improve the yield because the increase
in conversion was accompanied by a decrease in selectivity (Table 15, entry 2). In order to ensure
the stability of the catalytic system, we increased the Phen mole ratio and even changed the Pd-
source (Pd(OAc); instead of Pd(CH3CN),Cl2) but the selectivity was not enhanced (Table 15,
entries 3, 4). Although the conversion was incomplete, employing 3 equiv. of each HCO,H, Ac,O
and EtsN with respect to nitrobenzene did not affect the selectivity until we increased the
diene/nitrobenzene mole ratio to 6 eq. (Table 15, entry 5, 6).

Table 15. Optimization of the reaction conditions for the synthesis of 4,5-dimethyl-2-phenyl-3,6-dihydro-
2H-[1,2]-oxazine using FA as the CO source.”
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Pd(CH3CN),Cly 1 mol%

©/N02 ji Phen 2.5 mol% N:j(
+ >
Z FA/Ac,0, EtzN ©/

7a 8a Solvent, 140 °C, t h. 9aa
Entry FA/Ac;O/EtsN 8a/7a Solvent t (h) Conv. Sel. Yield
to 7a mol ratio  mol ratio (%)" (%) (%)
1 4/4/4 4 CH;CN 4 92 58 53
2 4/4/4 4 CH;CN 8 100 47 47
3¢ 4/4/4 4 CH3;CN 4 99 47 46
4/ 4/4/4 4 CH;CN 4 99 55 54
5 3/3/3 4 CH;CN 4 87 59 51
6 3/3/3 6 CH;CN 5 99 67 66
7 3/3/3 6 Toluene 4 11 50 5
8 4/4/4 4 CH;CN 6 88 38 33
9¢ 3/3/3 6 CH;CN 6 78 45 35
10 4/4/4 4 CH;CN/DMF (9:1) 4 94 60 57
11¢ 4/4/4 4 CH:;CN/DMF (9:1) 4 100 50 50
12 3/3/3 4 CH3CN/DMF (9:1) 4 96 64 62
13 3/3/3 6 CH;CN/DMF (9:1) 4 97 71 69
14 3/3/3 8 CH;CN/DMF (9:1) 4 98 71 70
15 3/3/2 6 CH;CN/DMF (9:1) 4 97 68 66
16 3/3/4 6 CH:CN/DMF (9:1) 4 98 73 72
17¢ 3/3/3 6 CH;CN/DMF (9:1) 8 93 62 57
18 3/3/3 6 CH;CN/DMF (8:2) 4 96 72 70
19 3/3/3 6 CH;CN/DMF (9:1) 4 >99 68 68

a: Experimental conditions: 0.5 mmol of 7a, Pd(CH3CN),CL (1 mol%), Phen (2.5 mol%), FA/Ac,O/Et;N,
solvent = 10 mL, T = 140 °C. b: Determined by GC using biphenyl as the internal standard. ¢: Phen (5 mol%).
d: Pd(OAc): (1 mol%) was used as the pre-catalyst. e: T = 120 °C. f: Pd(acac), (1 mol%) was used as the pre-
catalyst.

Running the reaction at lower temperature or using a low polarity solvent, toluene, was unsuitable
(Table 15, entries 7-9). In the previous work on the synthesis of indoles (see Chapter I), we had
found that the use of a CH3CN/DMF 9:1 solvent mixture gave quite better results than the use of
either solvent alone.?® This effect was also found for the present system (Table 15, entry 10).
Oxazine yield increased as the diene/nitrobenzene mole ratio was increased from 4 to 6, but a
further increase to 8 gave no further improvement (Table 15, entries 12-14). The yield of oxazine
was not further increased by altering the amount of EtsN, lowering the temperature, or increasing
the amount of DMF (Table 15, entries 15-18). Testing Pd(acac)> once again as the pre-catalyst
under different conditions did not improve the results (Table 15, entry 19).
In a recent study by our group on the synthesis of carbazoles,?* we found that the addition of
chlorides stabilizes the catalytic system. This led us to test Na,PdCls as the pre-catalyst, keeping
the results in Table 15 in mind.
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Table 16. Optimization of the reaction conditions for the synthesis of 4,5-dimethyl-2-phenyl-3,6-dihydro-
2H-[1,2]-oxazine using Na,PdCl, as the catalyst and FA as the CO source.”

Na,PdCl, 1 mol%
©/Noz i Phen 2.5 mol% Nji
+ >
Z FA/AC,0, Etz;N ©/
7a 8a CHACN/DMF (9:1)

140 °C, 4 h.

Entry FA/Ac;O/Et:N 8a/7a Conv. (%)"  Sel. (%)® Yield (%)”
to 7a mol ratio  mol ratio

1 3/3/3 4 94 68 64
2¢ 3/3/3 4 95 68 65
3 2.5/2.5/2.5 4 93 69 64
41 3/3/3 4 98 65 63
5 3/3/3 6 96 80 77
6 3/3/3 6 97 73 71
7 3/3/3 6 85 68 58
8 3/3/3 8 97 80 77
9 3/3/4 6 90 67 60
10 3/3/3 2 78 51 39
118 3/3/3 6 100 73 73

a: Experimental conditions: 0.5 mmol of 7a, Na,PdCls (1 mol%), Phen (2.5 mol%),
FA/Ac;O/Et;N, solvent =10 mL, T =140 °C, t =4 h. b: Determined by GC using biphenyl
as the internal standard. ¢: T =150 °C. d: Phen (5§ mol%). e: Na,PdCls (1.5 mol%). £ Phen
(1.5 mol%). g: DMF used as the solvent.

Fortunately, the use of Na;PdCls in place of Pd(CH3CN):Cl: afforded slightly better results (Table
16). Running the reaction at a temperature higher than 140 °C did not guarantee full conversion of
7a (Table 16, entry 2). Although a slight decrease in the HCO2H, Ac2O and EtN ratio did not
affect the oxazine yield, we decided to keep the ratio at 3 eq. to ensure enough CO pressure in the
reaction (Table 16, entry 3). Increasing the molar ratio of Phen did not give any further
improvement, while decreasing it determined a diminished stability of the catalytic system, which
led to incomplete conversion (Table 16, entries 4, 7 respectively). Similar to what we observed in
the case of using Pd(CH3CN);Cl, as the pre-catalyst, the oxazine yield improved as the
diene/nitrobenzene mole ratio was raised from 2 to 4 and then to 6; however, raising it to 8 did not
afford a higher yield (Table 16, entries 1, 5, 8 and 10). Despite the complete conversion, employing
DMF as the reaction solvent led only to a slight increase in conversion and a concomitant decrease
of selectivity (Table 16, entry 11). Considering that DMF has a higher boiling point than
acetonitrile and evaporation of large amount of it might lead to a partial loss of oxazine, we are
pleased that the best result was obtained in the CH;CN/DMF 9:1 solvent mixture. In the end, the
best yield, 77%, was obtained by working under the conditions of (Table 16, entry 5).
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Several other tests have been conducted to confirm that the conditions in (Table 16, entry 5) is
indeed the optimal conditions. These tests include ligand and basic promoter screening (Table 17).

Table 17. Effect of ligand and base identities on the synthesis of 4,5-dimethyl-2-phenyl-3,6-dihydro-2H-
[1,2]-oxazine using Na,PdCly as the pre-catalyst and FA as the CO source.”

\

Na,PdCl, 1 mol% 5
©/N02 ji Ligand 2.5 mol% Nji
+
Z FA/Ac,0, Base @
7a 8a

CH3CN/DMF (9:1)

9aa
140 °C, t h.
Entry FA/Ac,O/Base  Base Ligand t Conv. Sel. Yield
to 7a mol ratio (h) (%)’ (%) (%)
1 3/3/3 Et:N Phenanthroline 4 96 80 77
2 3/3/3 Et:N 3,4,6,7-Tetramethylphenanthroline 4 94 52 49
3 3/3/3 Et;N 4,7-Dimethylphenanthroline 4 92 57 53
4 3/3/3 Et;N 4,7-Dimethoxyphenanthroline 4 97 38 37
5 3/3/3 Et;N 4,7-Dichlorophenanthroline 4 3 82 3
6 3/3/1 Naz;PO4 Phenanthroline 4 16 70 25
7 3/3/1.5 Na,CO;s Phenanthroline 4 59 72 42
8 3/3/1.5 NaxCO;s Phenanthroline 10 37 70 26
9¢ 3/3/1.5 Na,COs Phenanthroline 5 49 70 35
10 4/4/2 Na,CO; Phenanthroline 4 37 65 24

a: Experimental conditions: 0.5 mmol of 7a, Na;,PdCly (1 mol%), ligand (2.5 mol%), 8a/7a (mol ratio) = 6,
FA/Ac,O/Base, solvent = 10 mL, T = 140 °C. b: Determined by GC using biphenyl as the internal standard. ¢: T =
150 °C.

The use of differently substituted phenanthrolines gave worse results (Table 17, entries 2-5). In
general, the selectivity of the reaction decreased as the donating power of the phenanthroline ligand
increased in the order 4,7-dichlorophenanthroline < Phen < 4,7-dimethylphenanthroline < 3,4,6,7-
tetramethylphenanthroline < 4,7-dimethoxyphenanthroline, but the very low conversion obtained
with 4,7-dichlorophenanthroline makes it unsuitable as a ligand even if it afforded high selectivity.
On the other hand, different reagent ratios or the use of the inorganic bases NasPO4 or Na2COs
were less effective even when the reaction time elongated or the temperature increased (Table 17,
entries 6-10). As a result, Phen and Et;N have been confirmed to be the ligand and the base of
choice.

2.2. Substrate scope for 3,6-dihydro-2H-[1,2]-oxazines

Having the optimized reaction conditions, we investigated the reaction scope. Results are shown
in Table 18.

First, we were pleased to find that oxazine 9aa could be isolated from the reaction mixture with
negligible losses (from 77% GC yield, to 76% isolated) (Table 18, entry 1). In terms of functional
groups, fluoro, chloro and bromo substituents were well tolerated (Table 18, entries 2-4), as were
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the electron-withdrawing groups cyano (CN) and trifluoro methyl (CF3) (Table 18, entries 5, 12
respectively). The moderately electron-donating alkyl groups in the para position worked well
(Table 18, entries 6, 7); nevertheless, in the case of the methyl group, it took 16 hours to completely
convert 4-nitrotoluene. Very low yields were obtained in the case of p-methoxynitrobenzene (7h).
In fact, this was expected since there are two known reasons why this kind of substrate is
notoriously problematic for this kind of reaction:

1. It has been shown in numerous cases that the activation of nitroarenes by low valent
transition metal complexes involves an electron transfer from the metal to the nitroarene®*
103 and this step is retarded by strongly donating substituents on the nitroarene.

2. Asthe nitrosoarene is involved in a hetero Diels-Alder reaction and the latter is well known
to proceed the better the lower is the level of the orbitals of the dienophile.?®® The presence
of a para methoxy group on the aryl ring of nitrosobenzene allows a quinonoid resonance
form for 7h, where the nitroso group gains a negative charge and loses its double bond,
making it unsuitable to undergo a Diels-Alder reaction (Scheme 26).25-27°

]

0" .0
NO2  IpdyPhen SN N
@
MeO +CO/-CO;  MeO MeO

Scheme 26. Resonance forms of 4-nitrosoanisole (7h).

Table 18. Substrate scope for the synthesis of 3,6-dihydro-2H-[1,2]-oxazines.”

Na,PdCl4 1 mol%
©/N02 A Phen 2.5 mol% ('i/\;—Rz
R1_. + _R2 > X
= Z FA/AC,0, Et;N Ry
7 8 CH3CN/DMF (9:1) Z
140 °C, 5 h.
Entry Nitroarene Diene Oxazine Yield (%)°
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13 N = N 32
O 7m 8a N __~ 9ma
o)
© Y L
14 = D N.D.
7n 8a
Cl Cl 9na
|
e
o | e
15 = N.D.
B
' 70 8a Br 90a
=T T O
16 _ N + N (AB =
7a 8b 9abA ©/9abB 1:6)
Y T
1:6
7c 8b E 9cbA 9cbhB )
. on Ph
2
18 /©/ - (rij 59
Cl _
7b
8c Cl 9bc

a: Experimental conditions: 0.5 mmol of 7, Na;PdCls (1 mol%), Phen (2.5 mol%), FA/Ac,O/Et;N/7/8 (mol
ratio) = 3:3:3:1:6, in 10 mL CH3CN/DMF (9:1), T = 140 °C, for 5 h. b: Isolated yield, unless otherwise
noted, N.D. = not detected. ¢: Yield determined by NMR using mesitylene as the internal standard. d:
Reaction time 16 h.

That at least a measurable amount of 9ha could be obtained under the present conditions (12%
yield) represents anyway a positive result because only trace amounts of this oxazine could be
detected in previous related works.?>??7 Results were somewhat better when the donating power
of the oxygen atom in the para position was attenuated by the presence of an acyl group (Table
18, entry 9). Steric hindrance in the ortho position was tolerated, but at the expense of a diminished
yield (Table 18, entries 10, 11). An interesting case is that in which the phenyl ring is substituted
by a pyridine one (9ma). The corresponding nitropyridine is commercially available as the
corresponding N-oxide (7m). Use of the latter without any pretreatment resulted not only in the
reduction of the nitro group to nitroso but also in the deoxygenation of the N-oxide group. Note
that this oxazine is very reactive and starts to decompose in the air after a few hours, even in solid
state.
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The only nitroarenes for which no oxazine at all could be observed are 4-nitrobenzyl chloride (7n)
and 2-iodo-4-bromonitrobenzene (70). This may be due to the presence of functional groups that
give a fast oxidative addition to low valent metal complexes, likely competitive with the reduction
of the nitro group. When the non-symmetric diene isoprene (8b) was employed, a mixture of the
two expected regioisomers (proximal A and distal B) was obtained, with that whose formation is
electronically favored in hetero-Diels-Alder reactions prevailing (Table 18, entries 16, 17). The
two isomers were not separated because both would give the same pyrrole. The fact that the
distal/proximal ratio is similar to that typically observed for the hetero-Diels-Alder reaction of free
nitrosoarenes with isoprene suggests that the reaction is occurring off-metal and that free
nitrosoarenes are formed. Employing 1-phenyl-1,3-butadiene (8c) as the diene, only the proximal
isomer was obtained (Table 18, entry 18), again in accordance with the literature for the same 242
or related compounds.??” It is worth noting that nitroarenes and dienes have been recently reported
to afford amides when a different catalytic system (Pd(PPhs)4 with Mo(CO)s as a CO surrogate)
was employed.?’! In this system, the formation of free nitrosoarenes as intermediates was
excluded.

Finally, a large-scale (~ 25-fold) synthesis of 9ba was performed under the optimized conditions,
but with a decreased amount of solvent (15-fold) and a longer reaction time (8 h). The yield was
only slightly lower (74% instead of 76%) than that obtained in the smaller scale reaction (Scheme
27).

2,3-dimethylbutadiene 8a (6 eq.)

NO, Na,PdCl, (1 mol%) C.’ji
/@ Phen (2.5 mol%) /©/N
c cl

7b CH3CN/DMF (9:1), 150 mL 9ba
HCO,H, Ac,0, Et;N
(2 g, 12.7 mmol) 140 °C, 8 h. (2.06 g, 9.2 mmol, 74%)

Scheme 27. Large-scale synthesis of 2-(4-chlorophenyl)-4,5-dimethyl-3,6-dihydro-2H-1,2-oxazine (9ba).

2.3. Dehydration of 3,6-dihydro-2H-[1,2]-oxazines to /N-arylpyrroles

In search of a general method to dehydrate oxazines into pyrroles, we investigated different
reagents and conditions for the conversion of 9aa into 2,3-dimethyl-N-phenylpyrrole (10aa)
(Table 19). We first examined the effect of a high temperature treatment. However, in the absence
of any other additive, the conversion to pyrrole proceeded only with a fair selectivity at 200 °C
and no pyrrole was detectable by working at 140 °C (Table 19, entries 1-3). Bases, acids or even
an acidic dehydrating agent (P2Os), showed some accelerating effect, but failed to give good yields
of pyrroles (Table 19, entries 4-6). The use of triflic acid,?’ in particular, gave a complete
conversion of the 9aa, but afforded a mixture of products that does not include pyrrole (Table 19,
entry 7). Since CuCl in methanol had been reported to be effective in promoting the desired
transformation in one case,”®® we decided to test the effect of its addition or that of other Cu-salts
on our substrate (Table 20).
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Table 19. Effect of thermal, basic, and acidic treatment on the transformation of 4,5-dimethyl-2-phenyl-
3,6-dihydro-2H-[1,2]-oxazine (9aa) into 3,4-dimethyl-N-phenylpyrrole (10aa).

o) | —=
N Catalyst N/
©/ Solvent, T °C, t h. ©/

9aa 10aa
Entry  Cat.(mol%)  Solvent T (°C) t(h) Conv.(%)" Sel. (%)’ Yield (%)’
1° - CH:CN 200 3 29 45 13
2¢ - Benzene 200 3 23 55 13
3 - CH:CN 140 72 13 0 0
4 DBU (25) CH;CN 140 16 5 79 4
5 NaOH (25) CH:CN 140 16 26 42 11
6 P,0s (25) CH:CN 140 16 30 28 9
7 Triflic acid (25) CH;OH 140 16 >99 - Traces

a: Experimental conditions: 50 mg (0.26 mmol) of 9aa, in 2 mL of solvent. b: Determined by GC using
biphenyl as the internal standard. ¢: The reaction was performed in an autoclave under 20 bars of CO to
avoid the boiling of the solvent.

The conversion was indeed complete, but only a fair 44% yield of pyrrole was obtained (Table 20,
entry 1). Decreasing the temperature even decreased the selectivity of the reaction to 18% (Table
20, entry 2). An investigation of a range of solvents or solvents mixtures showed that acetonitrile
was the one affording the best yield, despite the fact that the reaction is rather sluggish (Table 20,
entries 3-14). Changing the solvent to acetone and lowering the temperature did not afford any
improvements in the pyrrole yield (Table 20, entries 5-9). Although reasonably good selectivity
was observed when toluene was utilized, incomplete conversion remained a problem that may be
treated by increasing reaction time but at the expense of lower selectivity (Table 20, entries 10-
12).

Lowering the temperature led to a decreased conversion, with little effect on the selectivity, so 140
°C was chosen as the temperature for further studies, even taking into account that this is the
temperature at which the first stage of the reaction was performed.

Table 20. Optimization of the reaction conditions for the conversion of 4,5-dimethyl-2-phenyl-3,6-dihydro-
2H-[1,2]-oxazine (9aa) into 3,4-dimethyl-N-phenylpyrrole (10aa).

] =
N [Cu] N/
©/ Solvent, T °C, t h. ©/

9aa 10aa

Entry Cat. (mol%) Solvent T(C) t(h) Conv. Sel. Yield
(%)’ (%)’ (%)
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1 CuCl (20) CH;OH 140 16 100 44 44
2 CuCl (20) CH;0H 100 16 100 18 18
3 CuCl (20) CH3;CN 140 60 96 77 74
4 CuCl (20) Acetone 140 5 >99 48 47
5 CuCl (20) Acetone 100 6 18 76 14
6 CuCl (20) Acetone 100 10 24 43 10
7 CuCl (20) Acetone 100 24 64 14 9
8 CuCl (20) Acetone 120 6 66 26 17
9 CuCl (20) Acetone 120 10 86 21 18
10 CuCl (20) Toluene 140 5 44 77 34
11 CuCl (20) Toluene 140 10 71 62 44
12 CuCl (20) Toluene 140 15 90 57 51
13 CuCl (20) CH3CN:CH;30H (1:1) 140 24 84 29 24
14 CuCl (20) CH3CN:H2O (4:1) 140 24 99.7 22 22
15 CuCl/Phen (20/5) CH;CN 140 16 100 35 35
16 CuCl/Phen (20/5) CH;CN 100 20 35 81 28
17 CuCl/Phen (20/5) CH;CN 100 40 62 48 30
18  CuCl/Phen (20/20) CH3:CN 100 20 52 54 28
19  CuCl/Phen (20/20) CH;CN 100 40 76 47 35
20 Phen (5) CH;CN 140 48 16 0 0
21 Cuz(OH);Cl (20) CH:CN 140 72 >99 11 11
22 Cuz(OH)3Cl/Phen CH3;CN 140 16 >99 35 35
(20/5)
23 CuCl2(20) CH;CN 140 3.5 100 5 5
24 CuCl,/Phen (20/5) CH;CN 140 3.5 100 9 9
25 CuSO04-5H,0 (20) CH;CN 140 72 96 17 16
26  CuSO4-5H20/Phen CH:;CN 140 72 100 18 18
(20/5)
27A CuCl (10) CH;CN 140 30 69 50 34
27B¢ CuCl (20) CH3;CN 140 60 94 50 47
28 Cu(Cl (30) CH:;CN 140 60 100 77 77
294 CuCl (30) CH;CN:DMF (9:1) 140 120 42 23 10

a: Experimental conditions: 50 mg (0.26 mmol) of 9aa, in 2 mL of solvent. b: Determined by GC using biphenyl
as the internal standard. ¢: 10 mol% of CuCl was added after 30 h. of 27A. d: CuCl was added directly on the
catalytic reaction mixture after a reaction run under the conditions in (Table 16, entry 5).

The addition of Phen helped in solubilizing CuCl and accelerated the reaction, but at the expense
of selectivity (Table 20, entry 15). On the other hand, lowering the temperature in the presence of
Phen (5 or 20 mol%) had no significant impact on the obtained results (Table 20, entries 16-19).
To make sure of the actual effect of Phen, we ran a test using only Phen as the additive; however,
only 16% conversion was observed, and no pyrrole was detected, suggesting that CuCl is the active
catalyst towards pyrroles (Table 20, entry 20). Since Cu(I) compounds can be easily contaminated
by Cu(Il) compounds if not stored strictly under an inert atmosphere, we also tested the effect of
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several Cu(Il) salts, both in the presence and absence of phenanthroline (Table 20, entries 21-26).
At least chlorine-containing Cu(Il) salts were indeed very active in decomposing the oxazine, but
gave very poor yields of pyrrole. Thus, it is obvious that any Cu(Il) contaminating the employed
CuCl may cause the formation of byproducts but is not responsible for the formation of most of
the pyrrole.

Adding the CuCl in two portions over the time led to worse results, indicating that the long reaction
times are not due to a deactivation of the catalyst (Table 20, entries 27A, B), but increasing its
amount to 30 mol% afforded a satisfying 77% yield (Table 20, entry 28), we considered this
sufficient to proceed with investigating the substrate scope under these conditions.

Unfortunately, simply adding 30 mol% CuCl to the reaction mixture after the oxazine synthesis
(see Table 16, entry 5) and performing the conversion to pyrrole under the optimized conditions
(Table 20, entry 28) even for a prolonged time (120 h), did not give good results (Table 20, entry
29). Only 42% of the oxazine reacted and the pyrrole was obtained with poor selectivity in just
10% yield. Clearly, some of the components of the first catalytic system interfere with the second
transformation. Therefore, isolating the oxazine before converting it into pyrrole was necessary
under the conditions developed in this work.

2.4. Substrate scope for N-arylpyrroles

Having identified the best experimental conditions, the oxazines isolated in the first part of this
work, except for those that had been isolated in a too low yield, were converted into pyrroles.
Results are shown in (Table 21).

The reaction tolerates halogen and alkyl substituents on the aryl ring and affords good yields even
when employing a 1-phenyl-1,4-butadiende-derived oxazine 9bc as the substrate. Unfortunately,
poor results were obtained when trifluoromethyl groups were present or when isoprene-derived
oxazines were employed as substrates. In the first case, an immediate blue color developed upon
mixing 9la with CuCl at room temperature, indicating a different and specific reactivity. The low
isolated yield of 10ab and 10cb is at least in part due to their high tendency to sublime and be
evaporated with the solvent. In general, it should be stressed that we encountered this problem
even with the other pyrroles, but the problem was more serious for these two products.

Although the yields obtained in several cases may appear to be only fair, it should be stressed that,
to the best of our knowledge, apart from 10aa (that had been previously isolated in a lower yield)
and 10ab (for which many synthetic strategies have been reported), most of the other pyrroles in
Table 21 have never been fully characterized previously, indicating that, despite the simplicity of
their structure, they are not easily prepared even by other means.

As an exception, a complete lack of reactivity was detected when a pyridine containing oxazine
was employed as the substrate 9ma which was recovered unconverted (90%) after the reaction.
Coordination of the pyridine N-atom to copper is most likely deactivating the catalyst and
preventing the oxazine conversion.

Table 21. Substrate scope for the conversion of oxazines 9 into pyrroles 10.”
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Q R CuCl 30 mol% =X Re
0
N 2 - I\'Ji\/)/
R1~©/ CH4CN, 140 °C, 60 h.
9

Q@CQ@FQ@ @r{*

10aa, 75% 10ba, 72% 10ca, 75% Br 10da, 54%

10fa, 46%Y©;:|a 51% F 10ka, 39% CF5; 10la, 7%

o

C
10ma, n.d. 10ab, 16% 10cb, 15% 10bc, 66%

a: Experimental conditions: (0.25 mmol) of 9, CuCl (30 mol%), in CH3;CN (2 mL) at 140 °C for 60
h. Isolated yields are shown.

'
2

2,42
i

%
FRS

Finally, the synthesis of 10aa and that of 10ba were also tested on a larger scale (Scheme 28) and
even in these cases the product could be isolated with only a small decrease in the yield with
respect to the reaction run at the standard concentrations.

e -
/ON CH4CN, 140 °C /O/N Y

R=H 9aa 10aa 70% yield
2 19 h.
378 mg, 2 mmol (20 mol%, 70h.) 240 mg, 1.4 mmol
R =Cl 9ba 10ba 71% yield
30 mol%, 60 h.
1000 mg, 4.5 mmol ( ° ) 650 mg, 3.2 mmol

Scheme 28. Large-scale synthesis of pyrroles 10aa and 10ba.
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2.5. Reaction mechanism of the transformation of 1,2-oxazines to pyrroles

A reaction mechanism for the oxazine ring contraction to pyrroles is proposed in (Scheme 29).
Oxidative addition of the N—O bond to copper chloride is proposed to form intermediate I.
Although the formation of Cu(Ill) species as intermediates in catalytic cycles is still debated,?’*"
275 they have been invoked in several N-O bond cleavage reactions.?’®?%! g-Hydride elimination
on the oxygen side of the formed metallacycle I leads to the formation of II, which in turn goes
through an intramolecular ring closure to give the cyclic hemiaminal III. Reductive elimination
from the copper center and subsequent dehydration/isomerization processes lead to pyrrole

formation.
H H
R _Ar
3
H A R
H N /H H H
— (0] CuCl
R H
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yH Ar H H

N Ar
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DH R Ho Yy CuCl

|
/
R R 3)
R
R 1T H 4
+H,0 HH A I
R N\’ Cl/
( cul
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Scheme 29. Proposed mechanism for the CuCl mediated conversion of 1,2-oxazines to pyrroles.

3. Conclusion

In this project, we faced two problems. The first is the identification of a cheap, easily operated
synthesis of 3,6-dihydro-2H-[1,2]-oxazines. In the literature, this type of compounds is frequently
synthesized by reacting conjugated dienes with nitrosoarenes. However, the preparation of the
latter, either as isolated molecules or as labile intermediates, is often performed under oxidative
conditions, which do not permit a wide tolerance of various functional groups. Carbon monoxide,
when in the presence of suitable transition metal catalysts, is extremely selective in reducing nitro-
to nitroso-arenes without affecting other reducible groups and the procedure can be applied to the
synthesis of oxazines, but using pressurized CO is typically not a viable option in most
laboratories. The use of HCO,Ph as a CO surrogate represents a solution, despite challenges in
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separating co-produced phenol. The use of HCO2H/Ac,O mixture solves the problem, although
yields were in several cases higher when HCO>Ph was employed.

The second problem is the dehydration of the obtained oxazines into N-arylpyrroles. Even if
scattered examples of this transformation have been known for decades, an in-depth review of the
literature reveals that good yields have only been reported in specific cases, such as the presence
of electron-withdrawing substituents on the oxazine ring or of an aryl group in position 2 of the
finally obtained pyrrole. An efficient general procedure able to afford pyrroles lacking substituents
in both the 2 and the 5 positions by this synthetic strategy was lacking. We found that cuprous
chloride can play this role and optimized the reaction conditions to make its employment a
synthetically effective tool.

The two reactions together represent a simple route into 2,5-unsubstituted-N-arylpyrroles, a class
of interesting molecules difficult to access by other techniques.

4. Experimental section

4.1. General information

Unless otherwise stated, all the reactions were carried out under dinitrogen atmosphere using
standard Schlenk apparatus. All glassware and magnetic stirring bars were kept in an oven at
120 °C for at least two hours and let to cool under vacuum before use. All the solvents (for catalytic
reactions or for NMR) in this work have been treated, dried and/or distilled according to what was
described in (Chapter I). Copper (I) chloride was purchased from TCI Europe NV and stored under
dinitrogen to avoid air oxidation. 2,3-Dimethylbutadiene and isoprene were purchased from TCI
Europe NV and used after filtration on basic alumina or distillation from CaH> under dinitrogen
respectively. All the other reagents were purchased from Merck (Sigma-Aldrich), TCI Europe NV,
or Fluorochem and used without further purifications.

'"H-NMR and '*C-NMR spectra were recorded on a Bruker Avance DRX 400 or Avance NEO 400.
Chemical shifts are reported in ppm relative to tetramethylsilane. Elemental analyses were
performed on a Perkin Elmer 2400 CHN elemental analyzer. Thin-layer chromatography (TLC)
was performed using precoated silica gel 60 F254 MACHEREY-NAGEL plates. TLC plates were
visualized by exposing UV light. Flash column chromatography was performed on MACHEREY-
NAGEL flash silica gel 0.04-0.063 mm size. Gas chromatographic analyses were performed using
a Shimadzu 2010Pro gas chromatograph equipped with a Supelco SLB-5 ms capillary column (L
x 1.D. 10 m x 0.10 mm, df 0.10 pm). A standard analysis involves the preparation of a sample
solution in ethyl acetate (conc. 0.1 mg/mL calculated with respect to biphenyl used as the internal
standard). Palladium precursors used in the present work have been prepared as the procedures
reported in the literature '*""!52 and as described in (Chapter I).

4.2. General procedure for the synthesis of 3,6-dihydro-2H-[1,2]-oxazines
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To avoid weighing errors, stock solutions of Na;PdCls4 in DMF and Phen in CH3CN were prepared
under a dinitrogen atmosphere. In a typical catalytic reaction, the nitrobenzene derivative (0.5
mmol) was weighed in the air and placed in a pressure tube equipped with a magnetic stirring bar
(Fig. 4, chapter I). The tube was placed inside a Schlenk tube with a wide mouth, evacuated, and
filled three times with dinitrogen. The appropriate volumes of stock solutions of Na;PCls and Phen
were added, and the mixture was stirred for 15 min. to allow the formation of the Pd/Phen complex.
Subsequently, diene (3 mmol), EtzN (1.5 mmol) and Ac,O (1.5 mmol) were added without stirring,
then the remaining amount of solvent (CH3CN:DMF (9:1) 10 mL total volume) was layered
carefully. Finally, formic acid (1.5 mmol) was added, and the pressure tube was sealed under
dinitrogen. The order of addition of the reagents and solvent layering is critical to avoid loss of
CO which begins to evolve, even at room temperature, as soon as HCOOH, Ac,0, and the base
are mixed. The pressure tube was then placed and heated while stirring in a custom-made
aluminum block preheated to 140 °C. At the end of the reaction, the pressure tube was removed
from the aluminum block, allowed to cool to room temperature, and slowly opened under a fume
hood. After the evaporation of CH3CN, 10 mL of ethyl acetate were added. The reaction mixture
was washed with NaHCO3 (1x10 mL) and water (1x10 mL) to get rid of the acetic acid formed
during the reaction. The organic layer was collected, dried over NaxSOg, filtered, and evaporated
to get the crude, which was subjected to silica-gel column chromatography using hexane/AcOEt
as the eluent with the addition of 1% of EtsN to partly deactivate acidic sites in the silica gel.

4.3. Procedure for the large-scale synthesis of (9ba)

The reaction was carried out in an oven dried 250 mL heavy-walled glass pressure bottle (Fig. 4,
chapter I) to prepare 9ba under the optimal conditions. The reaction was scaled up by increasing
the substrate amount ~ 25-fold with respect to the standard conditions. The pressure bottle was
charged with Na;PdCl4 (37.4 mg, 0.127 mmol), Phen (57.2 mg, 0.318 mmol), and substrate 7b (2
g, 12.7 mmol) and then placed in a Schlenk tube with a large mouth. The tube was evacuated and
filled three times with dinitrogen. DMF (15 mL), CH3CN (35 mL), 2,3-dimethylbutadiene (8.6
mL, 76.2 mmol), EtsN (5.3 mL, 38.1 mmol), and Ac,O (3.6 mL, 38.1 mmol) were added, and the
mixture was stirred for 15 min. The stirring was stopped, and the remaining solvent amount
(CH3CN, 100 mL) was layered carefully. Finally, formic acid (1.4 mL, 38.1 mmol) was added, and
the bottle was sealed with the screwcap under dinitrogen. The pressure bottle was placed in a
preheated (140 °C) oil bath. The reaction time was increased from 5 to 8 hours to guarantee
completion, despite the possibility that the substrate had already been fully converted at that point.
At the end of the reaction, metallic palladium precipitated on the bottle walls. The pressure bottle
was removed from the oil bath, allowed to cool to room temperature, and then slowly opened under
a fume hood. ATTENTION: When scaling up the reaction, consider the maximum CO pressure
that will be produced by the HCO,H decomposition and scale up the reactor volume accordingly.
Subsequently, most of the solvent was evaporated and 50 mL of ethyl acetate were added. The
reaction mixture was washed with NaHCO3 (1x50 mL), brine (1x50 mL), and water (1x50 mL)
to get rid of the acetic acid formed during the reaction. The organic layer was collected, dried over
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NaxSOq, filtered, and evaporated to get the crude, which was subjected to silica-gel column
chromatography using (hexane:AcOEt 98:2 + 1% Et3;N) as the eluent to get the final product 9ba
as a white crystalline solid (2.06 g, 9.2 mmol, 74% yield).

4.4. General procedure for the synthesis of N-arylpyrroles

3,6-Dihydro-2H-[1,2]-oxazine derivative (0.25 mmol) and CuCl (0.08 mmol) were placed in a
pressure tube of the same type used in the synthesis of oxazines. The tube was inserted into a wide-
mouthed Schlenk tube, evacuated, and then filled three times with dinitrogen. 2 mL of dry CH;CN
were added, and the tube was sealed under dinitrogen and heated at 140 °C for 60 h. After reaction
completion, the reaction was allowed to cool to room temperature and slowly opened inside a
wide-mouthed Schlenk tube under dinitrogen. CH3CN was evaporated, and the crude was
subjected to silica-gel column chromatography using hexane as the eluent (the eluent was pushed
using dinitrogen, and the fractions were collected under dinitrogen) to give the corresponding N-

arylpyrrole.
4.5. Procedure for the large-scale synthesis of pyrroles (10aa) and (10ba)

3,6-Dihydro-2H-1,2-oxazine derivative (1 eq.) and CuCl were placed in a pressure tube or pressure
bottle (depending on the volume of the solvent). The tube was inserted into a wide-mouthed
Schlenk tube, evacuated, and then filled three times with dinitrogen then dry CH3CN was added,
and the tube was sealed under dinitrogen and heated at 140 °C. After reaction completion, the
reaction was allowed to cool to room temperature and slowly opened inside a wide-mouthed
Schlenk tube under dinitrogen. CH3CN was evaporated, and the crude was subjected to silica-gel
column chromatography using hexane as the eluent (the eluent was pushed using dinitrogen, and
the fractions were collected under dinitrogen) to give the desired pyrroles.

10aa: 4,5-Dimethyl-2-phenyl-3,6-dihydro-2H-1,2-oxazine 9aa (379 mg, 2 mmol) and CuCl (39.6
mg, 0.4 mmol, 20 mol%) were placed in a pressure tube and 10 mL of dry CH3CN were added.
Isolated as a white crystalline solid (240 mg, 1.4 mmol, 70% yield).

10ba: 2-(4-chlorophenyl)-4,5-dimethyl-3,6-dihydro-2H-1,2-oxazine 9ba (1 g, 4.5 mmol), CuCl
(132.7 mg, 1.34 mmol, 30 mol%) were placed in a pressure bottle and 35 mL of dry CH3CN were
added. Isolated as a white crystalline solid (650 mg, 3.2 mmol, 71% yield).

4.6. Preparation of Na,PdCl,4

The synthesis was performed following the procedure reported in the literature.?*

PdCl; (0.50 g, 2.8 mmol) was suspended in distilled water (3 mL) and NaCl (0.33 g, 5.6 mmol)
was added. The reaction was heated at 70 °C until PdCl» is completely soluble. The obtained
brown-red solution was allowed to cool to room temperature and filtered on filter paper by canula.
Water was then evaporated under vacuum affording a brown solid that was smashed into powder
and kept under vacuum at 80 °C for 12 h. (0.76 g, 93% yield).

129



4.7. Characterization data for 3,6-dihydro-2H-[1,2]-oxazines

4,5-dimethyl-2-phenyl-3,6-dihydro-2 H-1,2-oxazine (9aa)

Obtained as a white solid (72 mg, 0.38 mmol, 76%) after purification by flash column
chromatography (hexane:AcOEt 99:1+ 1% Et3N).

'H NMR (400 MHz, CDCls) § 7.35 — 7.27 (m, 2H), 7.17 — 7.11 (m, 2H), 6.99 (tt, J= 7.5, 1.1 Hz,
1H), 4.33 (m, 2H), 3.67 (m, 2H), 1.74 (m, 3H), 1.65 (m, 3H) ppm.

3C NMR (100 MHz, CDCl3) § 150.6, 128.9, 125.1, 122.5, 122.4, 116.0, 72.2, 56.5, 16.1, 13.8
ppm.

Elemental analysis calcd for Ci2HisNO: C, 76.16; H, 7.99; N, 7.40, found: C, 75.72; H, 7.96; N
7.38.

2-(4-chlorophenyl)-4,5-dimethyl-3,6-dihydro-2H-1,2-oxazine (9ba)

Obtained as a white solid (86 mg, 0.38 mmol, 77%) after purification by flash column
chromatography (hexane:AcOEt 98:2 + 1% Et:N).

"H NMR (400 MHz, CDCI3) ¢ 7.28 — 7.23 (m, 2H, overlapped with CDCls), 7.09 — 7.01 (m, 2H),
4.32 (m, 2H), 3.63 (m, 2H), 1.74 (m, 3H), 1.64 (m, 3H) ppm.

3C NMR (100 MHz, CDCls) 6 149.2, 128.9, 127.3, 125.1, 122.2, 117.3, 72.2, 56.3, 16.0, 13.8
ppm.

Elemental analysis calcd for Ci2H14CINO: C, 64.43; H, 6.31; N, 6.26, found: C, 64.29; H 6.92; N,
6.57.

2-(4-fluorophenyl)-4,5-dimethyl-3,6-dihydro-2H-1,2-oxazine (9ca)

Obtained as a white solid (60 mg, 0.29 mmol, 58%) after purification by flash column
chromatography (hexane:AcOEt 98:2 + 1% Et;N).
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"H NMR (400 MHz, CDCl3) 6 7.14 — 7.05 (m, 2H), 7.04 — 6.93 (m, 2H), 4.32 (s, 2H), 3.60 (s, 2H),
1.73 (m, 3H), 1.64 (m, 3H) ppm.

13C NMR (100 MHz, CDCl3) 6 158.9 (d, ! Je—r=241.1 Hz), 146.9, 125.1, 122.5, 118.0 (d, 3Jc—r=
7.9 Hz), 115.5 (d, 2Jc-r=22.4 Hz), 72.2, 57.2, 16.0, 13.8 ppm.

19F NMR (376 MHz, CDCl3) & -121.45 ppm.

Elemental analysis calcd for C12H14FNO: C, 69.55; H, 6.81; N, 6.76, found: C, 69.52; H, 7.01; N,
6.70.

2-(3-bromophenyl)-4,5-dimethyl-3,6-dihydro-2H-1,2-oxazine (9da)

Obtained as a yellow solid (87 mg, 0.32 mmol, 65%) after purification by flash column
chromatography (hexane:AcOEt 90:10 + 1% Et3;N).

"H NMR (400 MHz, CDCls) 6 7.30 (t,J=2.0 Hz, 1H), 7.14 (t, J= 8.0 Hz, 1H), 7.09 (ddd, J=7.9,
1.7, 1.3 Hz, 1H), 6.99 (ddd, J=8.1, 2.1, 1.2 Hz, 1H), 4.31 (s, 2H), 3.65 (s, 2H), 1.74 (m, 3H), 1.64
(m, 3H) ppm.

13C NMR (100 MHz, CDCl3) 6 151.8, 130.2, 125.1, 124.9, 123.0, 122.1, 118.7, 114.2, 72.2, 55.9,
16.0, 13.8 ppm.

Elemental analysis calcd for C1oH14BrNO: C, 53.75; H, 5.26; N, 5.22, found: C, 53.71; H, 5.33;
N, 5.16.

4,5-dimethyl-2-(p-tolyl)-3,6-dihydro-2H-1,2-0xazine (9fa)

Obtained as a white solid (61 mg, 0.30 mmol, 60%) after purification by flash column
chromatography (hexane:AcOEt 98:2 + 1% Et:;N).

"H NMR (400 MHz, CDCl3) 6 7.11 (d, J = 8.3 Hz, 2H), 7.04 (d, J = 8.4 Hz, 2H), 4.32 (s, 2H), 3.63
(s, 2H), 2.30 (s, 3H), 1.73 (s, 3H), 1.64 (s, 3H) ppm.

3C NMR (100 MHz, CDCl3) 6 148.3, 132.1, 129.5, 125.1, 122.6, 116.5, 72.2, 57.0, 20.8, 16.1,
13.8 ppm.

Elemental analysis calcd for Ci3H7NO: C, 76.81; H, 8.43; N, 6.89, found: C, 76.26; H, 8.25; N,
6.28.
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2-(4-isopropylphenyl)-4,5-dimethyl-3,6-dihydro-2H-1,2-oxazine (9ga)

2

Obtained as a white solid (80 mg, 0.35 mmol, 70%) after purification by flash column
chromatography (hexane:AcOEt 99:1 + 1% Et:;N).

'HNMR (400 MHz, CDCl3) 6 7.20 — 7.13 (m, 2H), 7.11 — 7.03 (m, 2H), 4.32 (s, 2H), 3.63 (s, 2H),
2.87 (hept, J= 6.7 Hz, 1H), 1.73 (m, 3H), 1.64 (m, 3H), 1.24 (s, 3H), 1.22 (s, 3H) ppm.

3C NMR (100 MHz, CDCl3) 6 148.6, 143.2, 126.8, 125.1, 122.7, 116.5, 72.2, 57.0, 33.6, 24.2,
16.1, 13.8 ppm.

Elemental analysis calcd for CisH21NO: C, 77.88; H, 9.15; N, 6.05, found: C, 77.67; H, 9.05; N,
5.77.

2-(4-chloro-2-(trifluoromethyl)phenyl)-4,5-dimethyl-3,6-dihydro-2 H-1,2-oxazine (9ja)
jog

Obtained as a white solid (36 mg, 0.12 mmol, 24%) after purification by flash column
chromatography (hexane:CH2Cl2 99:1 + 1% Et3N).

Cl

'H NMR (400 MHz, CDCL3) § 7.61 (d, J=2.3 Hz, 1H), 7.58 (d, J= 8.7 Hz, 1H), 7.53 (dd, J=8.7,
2.2 Hz, 1H), 4.29 (m, 2H), 3.45 (m, 2H), 1.69 (m3H), 1.64 (m, 3H) ppm.

3C NMR (100 MHz, CDCl3) 6 148.2, 133.0, 131.7, 126.9 (q, > Jc-r= 11.4 Hz), 126.4 (q, *Jc-r=
30.6 Hz, overlapped with CH signal at 126.9 ppm), 124.8, 122.7, 123.0 (q, 'Jc-r=273.7 Hz), 72.6,
59.5,16.0, 13.8 ppm.

19F NMR (376 MHz, CDCls) & -60.16 ppm.

Elemental analysis calcd for C13H13CIF3NO: C, 53.53; H, 4.49; N, 4.80, found: C, 53.68; H, 4.77;
N, 5.14.

2-(2-chloro-5-fluorophenyl)-4,5-dimethyl-3,6-dihydro-2H-1,2-oxazine (9ka)

CIC|)|
N
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Obtained as a white solid (61 mg, 0.25 mmol, 50%) after purification by flash column
chromatography (hexane:AcOEt 97:3 + 1% Et:N).

'H NMR (400 MHz, CDCL3) § 7.30 (dd, J= 8.7, 5.7 Hz, 1H), 7.20 (dd, J = 10.2, 2.8 Hz, 1H), 6.78
(td, J= 8.6, 2.9 Hz, 1H), 4.35 (s, 2H), 3.60 (s, 2H), 1.72 (s, 3H), 1.66 (s, 3H) ppm.

13C NMR (100 MHz, CDCl3) § 161.9 (d, ! Je—r=246.3 Hz), 131.0 (d, * Je_r= 9 Hz), 124.7, 122.6,
113.8, 113.2, 112.2 (d, ? Je-r= 23.2 Hz), 107.6 (d, 2 Je-r= 26.1 Hz), 72.6, 56.8, 16.0, 13.8 ppm.

19F NMR (376 MHz, CDCls) § -113.22 ppm.

Elemental analysis calcd for C12H3CIFNO: C, 59.63; H, 5.42; N, 5.80, found: C, 60.19; H, 5.67;
N, 5.36.

2-(3,5-bis(trifluoromethyl)phenyl)-4,5-dimethyl-3,6-dihydro-2 H-1,2-oxazine (91a)

Obtained as a white solid (112 mg, 0.34 mmol, 70%) after purification by flash column
chromatography (hexane:AcOEt 99:1 + 1% Et:N).

"H NMR (400 MHz, CDCls) 6 7.48 (s, 2H), 7.43 (s, 1H), 4.35 (s, 2H), 3.73 (s, 2H), 1.77 (s, 3H),
1.67 (s, 3H) ppm.

13C NMR (100 MHz, CDCL3) 6 151.4, 131.9 (q, 2 Je—r=33.2 Hz), 125.3, 123.6 (q, ! Je-r=272.6
Hz), 121.6, 114.9, 72.4, 55.3, 16.0, 13.8 ppm.

19F NMR (376 MHz, CDCls) & -62.96 ppm.

Elemental analysis calcd for C14H13F¢NO: C, 51.70; H, 4.03; N, 4.31, found: C, 52.13; H, 4.51; N,
4.22.

4,5-dimethyl-2-(pyridin-4-yl)-3,6-dihydro-2H-1,2-oxazine (9ma)

Obtained as a white solid (30 mg, 0.16 mmol, 32%) after purification by flash column
chromatography (hexane:AcOEt 5:95 + 1% Et:N).

'H NMR (400 MHz, CDCl3) § 8.36 (dd, J = 5.0, 1.3 Hz, 2H), 6.87 (dd, J = 4.9, 1.5 Hz, 2H), 4.30
(s, 2H), 3.72 (s, 2H), 1.73 br, 3H), 1.63 (br, 3H) ppm.
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3C NMR (100 MHz, CDCl3) 6 155.3, 150.2, 125.0, 121.5, 108.7, 71.9, 53.1, 15.9, 13.8 ppm.

Elemental analysis calcd for C11H14N2O: C, 69.45; H, 7.42; N, 14.73, found: C, 69.63; H, 7.27; N,
14.98.

5-methyl-2-phenyl-3,6-dihydro-2H-1,2-0xazine (9abA) and 4-methyl-2-phenyl-3,6-dihydro-
2H-1,2-oxazine (9abB)

proximal isomer distal isomer
A B

Obtained as a yellow oil (43 mg, 0.25 mmol, 50%) after purification by flash column
chromatography (hexane:AcOEt 98:2 + 1% Et:N).

'"H NMR (400 MHz, CDCl3) § 7.36 — 7.28 (m, 2H, both isomers), 7.19 — 7.09 (m, 2H, both
isomers), 7.00 (tt, J = 7.6, 1.1 Hz, 1H, both isomers), 5.73 — 5.52 (m, 2H, both isomers), 4.51—
4.47 (m, 2H, isomer B), 3.82 — 3.78 (m, 2H, isomer A), 3.72 — 3.68 (m, 2H, isomer B), 1.84 — 1.79
(m, 3H, isomer B)1.74 — 1.72 (m, 3H, isomer A) ppm.

13C NMR (100 MHz, CDCl3) ¢ 150.6 (both isomers), 130.8 (both isomers), 128.9 (both isomers),
122.4 (both isomers), 119.9 (isomer B), 117.5 (isomer A), 116.1 (isomer A), 116.0 (isomer B),
114.1, 112.9, 72.2 (isomer A), 68.6 (isomer B), 56.2 (isomer B), 52.1 (isomer A), 20.3 (isomer B),
18.2 (isomer A) ppm.

Elemental analysis for C11H13NO: C, 75.40; H, 7.48; N, 7.99; found: C, 75.81; H, 7.36; N, 8.26.

2-(4-fluorophenyl)-5-methyl-3,6-dihydro-2 H-1,2-oxazine (9¢cbA) and 2-(4-fluorophenyl)-4-
methyl-3,6-dihydro-2H-1,2-oxazine (9cbB)

proximal isomer distal isomer
A B

Obtained as a yellow oil (55 mg, 0.28 mmol, 57%) after purification by flash column
chromatography (hexane:AcOEt 100:0 + 1%Et:N).

'"H NMR (400 MHz, CDCl3) § 7.14 — 7.07 (m, 2H, both isomers), 7.04 — 6.96 (m, 2H, both
isomers), 5.65 — 5.60 (m, 2H, both isomers), 4.49 —4.45 (m, 2H, isomer B), 4.38 (br s, 2H, isomer
A), 3.75 — 3.71 (m, 2H, isomerA), 3.65 — 3.60 (m, 2H, isomerB), 1.82 — 1.79 (m, 3H, isomer B)
1.74 - 1.71 (m, 3H, isomer A) ppm.
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3C NMR (100 MHz, CDCl3) 6: 158.9 (d, / Jc-r= 240.9 Hz, both isomers), 146.9 (d, * Jo-r=2.3
Hz, both isomers),133.7 (isomer A), 130.8 (isomer B), 119.9 (both isomers), 118.05 (d, *Jc-r=7.7
Hz, isomer A overlapped with signal at 118.01 ppm), 118.01 (d, 3Jc—r= 7.9 Hz isomer B), 117.1
(d, 2Jc-r=29.0 Hz), 115.7 (d, °Jc-r= 22.4 Hz, isomer A, overlapped with signal at 115.5 ppm),
115.5 (d, 2Jc-r= 22.0 Hz, isomer B), 72.3 (isomer A), 68.7, 56.9, 52.8 (isomer A), 20.3, 18.2
(isomer A) ppm.

9F NMR (376 MHz, CDCls) § -121.43 (isomer B), -128.19 (isomer A) ppm.

Elemental analysis calcd for C11H12FNO: C, 68.38; H, 6.26; N, 7.25, found: C, 68.24; H, 6.62; N,
7.55.

2-(4-chlorophenyl)-6-phenyl-3,6-dihydro-2H-1,2-oxazine (9bc)
Ph

Obtained as a white solid (80 mg, 0.29 mmol, 59%) after purification by flash column
chromatography (hexane:AcOEt 100:0 to 90:10 + 1% Et3N).

'H NMR (400 MHz, CDCl3) § 7.45 (dd, J="7.9, 1.3 Hz, 2H), 7.42 — 7.31 (m, 3H), 7.22 (d, J=8.9
Hz, 2H), 7.02 (d, J = 8.9 Hz, 2H), 6.20 — 5.99 (m, 2H), 5.60 (s, 1H), 4.02 — 3.78 (m, 2H) ppm.

BCNMR (100 MHz, CDCl3) 6 149.1, 138.8, 129.1, 128.8, 128.7, 128.6, 128.3, 127.3,123.7, 117.2,
80.1, 51.7 ppm.

Elemental analysis calcd for CisHi14CINO: C, 70.72; H, 5.19; N, 5.15, found: C, 71.07; H, 5.23; N,
4.97.

4.8. Characterization data for N-arylpyrroles

3,4-dimethyl-1-phenyl-1H-pyrrole (10aa)

-

Obtained as a white solid (32 mg, 0.19 mmol, 75%) after purification by flash column
chromatography using hexane.

'H NMR (400 MHz, CDCl3) 6 7.41 — 7.35 (m, 2H), 7.32 (dd, J= 8.6, 1.2 Hz, 2H), 7.16 (tt, J= 7.0,
1.3 Hz, 1H), 6.84 (s, 2H), 2.08 (s, 6H) ppm.

13C NMR (100 MHz, CDCl3) 6 140.9, 129.6, 124.7, 120.9, 119.6, 116.9, 10.3 ppm.
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Elemental analysis calcd for Ci2Hi3N: C, 84.17; H, 7.65; N, 8.18, found: C, 83.43; H, 7.77; N,
7.68.

1-(4-chlorophenyl)-3.,4-dimethyl-1H-pyrrole (10ba)

Neus

Obtained as a white solid (37 mg, 0.18 mmol, 72%) after purification by flash column
chromatography using hexane.

'H NMR (400 MHz, CDCls) 6 7.37 — 7.29 (m, 2H), 7.26 — 7.21 (m, 2H), 6.79 (s, 2H), 2.07 (s, 6H)

3C NMR (100 MHz, CDCl3) 6 139.5, 129.6, 124.3, 121.4, 120.6, 116.8, 10.3 ppm.

Elemental analysis calcd for C12H12CIN: C, 70.07; H, 5.88; N, 6.81, found; C, 70.25; H, 6.09; N,
7.14.

1-(4-fluorophenyl)-3,4-dimethyl-1H-pyrrole (10ca)

e

Obtained as a white solid (37 mg, 0.20 mmol, 75%) after purification by flash column
chromatography using hexane.

"H NMR (400 MHz, CDCl3) § 7.29 — 7.23 (m, 2H, overlapped with CDCl3), 7.11 — 7.02 (m, 2H),
6.76 (s, 2H), 2.07 (s, 6H) ppm.

13C NMR (100 MHz, CDCls) 6 160.2 (d, 'Jc-r=243.7 Hz), 137.4 (d, “Jc-r= 2.2 Hz), 121.3 (d,
3Jc-r=8.1 Hz), 121.0, 117.2, 116.3 (d, °Jc-r=22.7 Hz), 116.2, 10.2 ppm.

19F NMR (376 MHz, CDCls) § -118.54 ppm.

Elemental analysis calcd for Ci2Hi12FN: C, 76.17; H, 6.39; N, 7.40, found: C, 75.04; H, 6.60; N,
6.84.

1-(3-bromophenyl)-3,4-dimethyl-1H-pyrrole (10da)
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Qﬁ%

Br

Obtained as a white solid (35 mg, 0.14 mmol, 54%) after purification by flash column
chromatography using hexane.

'H NMR (400 MHz, CDCls) 6 7.48 — 7.46 (m, 1H), 7.30 — 7.20 (m, 3H), 6.81 (s, 2H), 2.06 (s, 6H)

3C NMR (100 MHz, CDCl3) 6 142.0, 130.9, 127.5, 123.2, 122.5, 121.7, 117.8, 116.7, 10.3 ppm.

Elemental analysis calcd for C12H12BrN: C, 57.62; H, 4.84; N, 5.60, found: C, 58.00; H, 4.96; N,
5.54.

3,4-dimethyl-1-(p-tolyl)-1H-pyrrole (10fa)

P

Obtained as a white solid (21 mg, 0.11 mmol, 46%) after purification by flash column
chromatography using hexane.

'"H NMR (400 MHz, CDCl3) 6 7.24 — 7.20 (m, 2H), 7.19 — 7.15 (m, 2H), 6.81 (s, 2H), 2.35 (s, 3H),
2.08 (s, 6H) ppm.

3C NMR (100 MHz, CDCls) 6 138.7, 134.4, 130.1, 120.6, 119.7, 117.0, 20.9, 10.3 ppm.

Elemental analysis calcd for Ci13HisN: C, 84.28; H, 8.16; N, 7.56, found: C, 84.35; H, 8.18; N,
7.70.

1-(4-isopropylphenyl)-3,4-dimethyl-1H-pyrrole (10ga)
@

Obtained as a white solid (27 mg, 0.13 mmol, 51%) after purification by flash column
chromatography using hexane.

"H NMR (400 MHz, CDCl3) 6 7.23 (s, 4H), 6.80 (s, 2H), 2.92 (p, J = 6.9 Hz, 1H), 2.08 (s, 6H),
1.27 (s, 3H), 1.26 (s, 3H) ppm.
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3C NMR (100 MHz, CDCls) 6 145.5, 138.9, 127.5, 120.5, 119.8, 117.0, 33.7, 24.2, 10.3 ppm.

Elemental analysis calcd for CisHioN: C, 84.46; H, 8.98; N, 6.57, found: C, 84.38; H, 9.12; N,
6.55.

1-(2-chloro-5-fluorophenyl)-3,4-dimethyl-1H-pyrrole (10ka)
Cl ==
N/

F

Obtained as a colorless oil (22 mg, 0.10 mmol, 39%) after purification by flash column
chromatography using hexane.

'H NMR (400 MHz, CDCls) § 7.42 (dd, J = 8.9, 5.6 Hz, 1H), 7.01 (dd, J= 9.1, 3.0 Hz, 1H), 6.94
(ddd, J=8.9, 7.5, 3.0 Hz, 1H), 6.68 (s, 2H), 2.07 (s, 3H) ppm.

3C NMR (100 MHz, CDCl3) § 161.4 (d, ! Jc-r= 249.0 Hz), 131.9 (d, *Jc-r= 8.8 Hz), 120.5,
119.6, 114.6 (d, °Jc-r= 23.4 Hz, overlapped with the CH at 114.4 ppm), 114.4 (d, Jc-r= 22.6
Hz), 10.2 ppm.

19F NMR (376 MHz, CDCl3) 6 -113.58 (dd, J = 14.0, 7.8 Hz) ppm.

Elemental analysis calcd for C12H11CIFN: C, 64.44; H, 4.96; N, 6.26, found: C, 64.73; H, 5.03; N,
5.88.

1-(3,5-bis(trifluoromethyl)phenyl)-3,4-dimethyl-1H-pyrrole (101a)
F3C\©/ l\/lj\

CF3
Obtained as a white solid (5 mg, 0.02 mmol, 7%) after purification by flash column
chromatography using hexane.

'H NMR (400 MHz, CDClz) § 7.70 (s, 2H), 7.62 (s, 1H), 6.89 (s, 2H), 2.07 (s, 6H) ppm.

13C NMR (100 MHz, CDCL3) & 141.8, 133.2 (q, 2 Je-r= 33.4 Hz), 125.9 (q, "Je-r= 273.1 Hz),
123.2, 118.7 (m, “Je—r=2.9 Hz), 117.6 (m, * Je_r=4 Hz), 116.5, 10.3 ppm.

19F NMR (376 MHz, CDCl3) & -63.09 ppm.

Elemental analysis calcd for Ci4H11FsN: C, 54.73; H, 3.61; N, 4.56, found: C, 54.75; H, 3.78; N,
4.40.
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3-methyl-1-phenyl-1H-pyrrole (10ab)
-
Obtained as a white solid (6 mg, 0.04 mmol, 16%) after purification by flash column

chromatography using hexane.

'H NMR (400 MHz, CDCls) § 7.46 — 7.31 (m, 4H), 7.24 — 7.14 (m, 1H), 7.00 (t, J = 2.5 Hz, 1H),
6.88 (tt, J=2.0, 1.1 Hz, 1H), 6.23 — 6.13 (m, 1H), 2.18 (s, 3H) ppm.

3C NMR (100 MHz, CDCl3) 6 140.9, 129.6, 125.3, 121.3, 120.1, 119.1, 117.3, 112.1, 12.1 ppm.

Elemental analysis calcd for CiiHiiN: C, 84.04; H, 7.05; N, 8.91, found: C, 83.84; H, 7.17; N,
8.95.

1-(4-fluorophenyl)-3-methyl-1H-pyrrole (10cb)

{)—
F :
Obtained as a white solid (6 mg, 0.03 mmol, 15%) after purification by flash column

chromatography using hexane.

"H NMR (400 MHz, CDCls) 6 7.35 — 7.27 (m, 2H), 7.09 (t, J = 8.6 Hz, 2H), 6.91 (s, 1H), 6.79 (s,
1H), 6.17 (s, 1H), 2.16 (s, 3H) ppm.

13C NMR (100 MHz, CDCls) § 160.5 (d, 'Je_r= 244.1 Hz), 137.4 (d, *Jc_r= 2.2 Hz), 121.9 (d,
3Je-r=8.1 Hz), 121.4, 119.4, 117.6, 116.4 (d, 2Jc-r=22.7 Hz), 112.2, 12.1 ppm.

19F NMR (376 MHz, CDCls) § -117.81 ppm.

Elemental analysis calcd for Ci1HioFN: C, 75.41; H, 5.75; N, 7.99, found: C, 75.35; H, 5.80; N,
8.22.

1-(4-chlorophenyl)-2-phenyl-1H-pyrrole (10bc)

Q

Q Ph

Cl

Obtained as a white solid (42 mg, 0.17 mmol, 66%) after purification by flash column
chromatography using hexane.

'H NMR (400 MHz, CDCl3) 6 7.32 — 7.27 (m, 2H), 7.25 — 7.16 (m, 3H), 7.16 — 7.07 (m, 4H), 6.91
(dd, J=2.8, 1.8 Hz, 1H), 6.44 (dd, J=3.5, 1.8 Hz, 1H), 6.39 — 6.34 (m, 1H) ppm.
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13C NMR (100 MHz, CDCL) 6 139.3, 134.0, 132.8, 132.4, 129.3, 128.5, 128.4, 127.0, 126.7,
124.3, 111.2, 109.8 ppm.

Elemental analysis calcd for C1¢H12CIN: C, 75.74; H, 4.77; N, 5.52, found: C, 75.55; H, 4.98; N,
5.34.
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