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Chapter I

Introduction

1. Background and general considerations

Nitro group and related compounds occupy a prominent place in chemistry. Although the presence of the
nitro group in naturally-occurring compounds is rare (Chloramphenicol and 3-nitropropanoic acid), both
aliphatic and aromatic nitro compounds are used as such for the preparation of dyes, energetic molecules
(explosives) and, more recently, materials. However, the peculiarity of nitro group is represented by its
flexibility of transformations, both from alkyl!!! and aryl derivatives,? that cover many field of organic
synthesis.”! These reactions can be primarily divided into two main categories: in the first one fall all the
reactions in which the N atom of the nitro group still remains bound in the target molecule (maintaining or

not its oxidation state) whereas in the second category nitro group is replaced by other moieties thus missing

the N atom. These transformations are depicted in Scheme 1 (A) and (B), respectively.
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Scheme 1. Transformations of nitro compounds: general overview.
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Owing to the high oxidation state of nitrogen in the nitro group (+3), it is possible to transform it into
reduced forms. A classic reaction in this field is represented by the well-known reduction of nitro group to
the corresponding amine (a 6-electron process). Several detailed mechanistic studies revealed that many
intermediates are involved in this transformation (both in the direct or in the condensation route) namely

nitroso, hydroxylamine, azoxybenezene, azobenzene and diphenylhydrazine (Scheme 2).

Direct route

[red]

Condensation route

______________________________________________

Scheme 2. Reduction of nitro compounds to amines: direct and condensation route.

Although they are detected as intermediates, their role does not terminate here. In fact, owing to their unique
reactivity, they are useful compounds that find applications in many fields!* and they can serve as starting
point for the preparation of other molecules, in particular heterocycles. The rich chemistry of nitroso
compounds and azobenzenes is a valuable example as reviewed by Gowenlock!®!, Zuman!®, Krebs!”! and
Millert®,

Many of the transformation described in Scheme 1 were developed as stoichiometric processes. However,
especially during the last century, many of these reactions reborned as catalytic (both homogeneous or
heterogeneous) transformations. Catalysis is a key-technology for a virtuous manufacturing of bulk and fine
chemicals. It allows producing chemicals avoiding the formation of undesired and useless stoichiometric side
products that requires energy and money for their wasting. By using the correct catalyst, it is possible not
only to accelerate the target reaction but also to direct the selectivity towards the desired product. Almost 90
% of all the produced chemicals involves, in at least one step, a catalytic transformation. From an
economical point of view, the value of goods which is annually produced by catalytic processes amounts to
400 billion € whereas the current catalyst market is estimated to be 10 billion €. Catalysis is applied for the
production of bulk (ammonia, acetic acid, methanol, polyethylene, refinery processes), fine and specialty
chemicals (agrochemicals, pharmaceuticals, flavors), energy processing, food processing and environmental
chemistry. The center role of catalysis science is further demonstrated by the great number of Noble Prizes

that were awarded to scientists working in this field.

Catalysis can be mainly divided into two different types: homogeneous and heterogeneous. Although the
differences between these categories are well-known, it has to be underlined that in the last years the gap
between them was partially filled. The need for such marriage derived from the fact that whilst homogeneous

catalysts are difficult to separate, heterogeneous ones mostly exhibit moderate activities and/or selectivities



with respect to the homogeneous counterparts. In the light of this, the manufacture of active and selective
catalysts (especially if based on abundant and biocompatible first-row transition metals) that can be easily
recovered and reused (a key-factor in industry), is one of the major goals in the catalysts field and, in
general, in synthetic chemistry. During the last decades, a large number of catalysts or catalytic materials that
belonging to the latter category appeared in the literature. Examples include well-defined complexes
supported on polymeric matrix or inorganic solids, soluble or supported nanoparticles, nanoclusters, metal-
organic frameworks (MOFs) or immobilized enzymes. Despite the excellent results that in some cases were
achieved, industry still uses “classic” catalysts to obtain bulk and fine chemicals. The cause of this reticence
should not be found in a low quality of the published works but in an industrial attitude that is composed by a
plethora of factors in which innovation sometimes does not occupy a privileged place. In fact, money,
amortization and several technological features are usually at the base of the implementation of new

chemical processes.

2. Work described in this thesis

This thesis focuses its attention into two different aspects of catalysis. In the first part (Project 1, Scheme
3), transition-metal complexes were used as homogeneous catalysts for the preparation nitrogen-containing
heterocycles (especially indoles) using liquid sources of carbon monoxide. In the second part (Project 2,
Scheme 3), in collaboration with Prof. Matthias Beller (Leibniz Institute for Catalysis-LIKAT, Rostock),
doped-carbon heterogeneous non-noble metal catalysts were employed as catalytic materials in the
hydrogenation of nitroaromatics. In both cases, nitro compounds were used as valuable starting materials
corroborating their central role in organic chemistry. Equally, mechanistic aspects (especially kinetics) were
taken into account showing how they can play a pivotal role in understanding not only the specific reaction

mechanism but also how a catalytic system can be further improved.
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Chapter 11

Reductive cyclization of nitro compounds
using CO surrogates

1. Background

As discussed in the previous chapter, the reduction of nitro compounds to the corresponding amines
proceeds smoothly under the action of a large variety of both stoichiometric reagents (based on low-valent
sulfur, titanium, tin, selenium or iron compounds) and catalysts (see Chapter Il for further information).
However, the selective conversion of nitro groups into the intermediates of the latter transformation is a
much more challenging goal. Around the half of the previous century, the use of pressurized CO as the
selective reductant towards nitro group became an emerging strategy for converting aromatic nitro
compounds into azo- or azoxyarenes.!!! These transformations employ both homogeneous and heterogeneous
catalysts. The use of CO as the reductant offers many advantages in terms of selectivity with respect to
hydrogen. In fact, hydrogen is able to reduce almost all the unsaturated functional groups (nitro included) in
the presence of numerous transition metals (both homogeneous complexes and supported metals). Moreover,
hydrogen is typically not selective in interrupting the reaction at the stage of azo- or azoxybenzene, leading
to the unavoidable formation of the fully reduced product (aniline). Unfortunately, the selective
transformation of aromatic nitro compounds into nitroso ones is very problematic because of the further
facile consecutive reduction of the target nitroso derivative. In confirmation of this, to the best of our
knowledge, no example of transformation of nitroarenes to nitrosoarenes are present in the literature. In fact,
the most viable route for the preparation of the latter is represented by amine oxidation. However, nitroso
compounds are very powerful aminating agent towards C(sp’)-H and C(sp?)-H bonds enabling the
construction of C-N bonds that are central to many biologically-relevant molecules.”) Owing to the high
reactivity of nitroso derivatives, significant efforts have been made in order to produce them in-sifu by

reduction of nitro compounds with CO followed by a rapid trapping by C-H bonds through amination
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reactions. Adopting this strategy, many research groups reported the synthesis of N-containing compounds

starting from readily available nitro derivatives (Scheme 1).

P H
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Scheme 1. Catalytic reductive cyclization of nitro compounds using CO as the stoichiometric reductant.

It should be underlined that this transformation is not a metal-mediated C-H activation, since no interaction
between the metal catalyst and the C-H bond occurs at any stage of the catalytic cycle. The most employed
catalysts are constituted by complexes of Fe, Ru, Rh and especially Pd, coupled with N- or P-based ligands,
using CO as the stoichiometric reductant towards the nitro group. Moreover, several examples were reported
using S,B! Se, Sn,’! low-valent Ti® and especially P-based compounds (Cadogan chemistry)” as
stoichiometric reductants. In addition, Peters and co-workers developed a synthetic method based on the
cathodic electrochemical reduction of ortho-nitrostyrenes leading to the formation of substituted indoles.®!
Nevertheless, apart for isolated examples,”” the latter transformations exhibit low or moderate reactivity

and/or selectivity.

During the years, in the field of N-containing heterocycles, the preparation of a large number of
molecules has been reported following different approaches, both intra- or inter-molecular (Scheme 2). The
large spectra of accessible compounds clearly demonstrate the broad applicability of substituted nitro
derivatives in the preparation of molecules having remarkable biological activity. By using suitable
substituted nitro compounds, quinolones, benzimidazoles, carbazoles, indazoles and indoles can be prepared
in good yields (a in Scheme 2). Recently, we demonstrated that S-nitroolefins and p-nitrodienes are
convenient starting materials for the synthesis of pyrroles, indoles and fused heterocycles (b in Scheme 2).
Finally, the infer-molecular cyclizations of simple nitroarenes with dienes or alkynes paves the way for the

preparation of oxazines, N-substituted pyrroles and again indoles (c in Scheme 32).[%



a) Intramolecular cyclizations from ortho-substituted nitrobenzene b) Intramolecular cyclizations from nitroalkenes and nitrodienes

Scheme 2. Inter- and intra- molecular cyclization of substituted nitro compounds using CO and transition-metal complexes:
reactions survey.

Although these reactions exhibited good conversions and selectivities, the use of gaseous and pressurized
CO is often a drawback for applications in small or medium scale productions (especially on a laboratory-
scale). In fact, CO is a highly toxic, odorless, colorless, tasteless and non-irritating gas. Owing to this
features, it is often called silent killer. As the consequence, its handling requires the installation of expensive
safety measures (sensors) and, in the case of pressurized reactions, special high-pressure equipment such as
CO lines and/or autoclaves. In order to circumvent these issues, many research groups in the chemical
community described the development and use of organic molecules capable to release one equivalent of
carbon monoxide in-situ. These molecules were named CO sources or CO surrogates. Examples include
metal carbonyls, formate esters, amides (especially N,N-dimethylformamide, DMF), aldehydes (mainly
formaldehyde) and carbon dioxide. Along these, other uncommon systems were developed by the group of
Skrydstrup (silacarboxylic acids and acyl chlorides, named COgen and SilaCOgen respectively), Cacchi

(mixed formic-acid anhydride) and others (Scheme 3).!'!]



v R(H)/C\H ~~

Skrvdst |o| Morimoto (@) 9
rydstrup C .
R// ~Cl R)J\O/C\R(H) Cacchi
?
Bhanage, Wu C M_(CO). | Larhed, Driver, Wu
RH)” "NR, =0 {(CO)y
Beller |0[
2 (od Tsuji, Beller, Manabe, Shi
H™ "OR
2-
(o)
(Il’
0" “BH, o]
NG It
Schubiger R3Si/C\OH
Skrydstrup

Scheme 3. Examples of CO surrogates.

Despite extensive efforts have been made in the field, some of them present intrinsic drawbacks such as
toxicity, functional group incompatibility, high cost, demanding procedures for their obtaining or complex
reactor configurations (i.e., double chamber reactors). For example, metal carbonyls (especially Mo(CO)s,
one of the most employed CO sources) are very toxic solid compounds. Moreover, at the end of the reaction,
the employed metal has to be totally removed from the mixture (and also separated from the catalytically
active metal, if present), particularly in the case of pharmaceutically important target molecules. This fact not
only rises the whole costs, but requires finding technical solutions for the waste disposal. Despite the use of
CO; as CO source (both using the Reverse Water Gas Shift Reaction or stoichiometric selective reductants
such as silanes) can be assessed as a part of a CO;-valorisation vision, its practical employment still
necessitates for high-pressure equipment. The CO surrogates developed by Skrydstrup and co-workers,
although perform well in many kind of carbonylation reactions, are not commercially available at a low price
and otherwise have to be prepared. In addition, owing to their incompatibility with many functional groups
(acyl chlorides are sensitive to almost all the known organic and inorganic nucleophiles) two-chamber

[12] have to be used thus increasing the costs and posing problems at the stage of scaling-up. Finally,

systems
anhydrides can act as CO sources only in the form of the mixed formic-acetic anhydride. Because of its low
stability, the latter has to be prepared in situ, therefore lowering the appealing of the whole process. Other
CO surrogates such as boranocarbonates!'’! and chloroform/alkali"¥ systems were developed during the
years. However, in the first case the CO surrogate has to be synthetized from BH; and KOH under low-
temperature conditions (-78 °C) using demanding apparatus. Although chloroform and inorganic hydroxides
are very cheap chemicals, the reaction between them led to the formation of highly reactive dichlorocarbene,

which can interfere with the target carbonylation reaction.

Within the class of formic acid derivatives, formate esters and DMF play a significant role.[''® 151 Both of

them are commercially available, cheap and stable compounds that exhibit good functional group tolerance.
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Furthermore, DMF is one of the most employed solvent in organic chemistry, even in carbonylation
reactions. From the 1920s, it is known that formate esters can be decarbonylated to give CO and the
corresponding alcohol using strong bases (inorganic hydroxides or metal alkoxides) or strong acids
(chlorosulfonic acid, sulfuric acid).!'" Nevertheless, only at the end of the ’80s, the attention of many
research groups was focused on the decarbonylation of formate esters under catalytic conditions. The
pioneering independent works of Jenner,['” Watanabe!'® and Alper'”! demonstrated that the decarbonylation
reaction of alkyl formates can be catalyzed by metal complexes. Rhs(CO)i6, Ir(CO)(Cl)(PPh3), (Vaska’s
complex) and especially Rus(CO)1» were employed as catalysts often in combination with phosphines as
ligands. Noteworthy, more than 15 year earlier, Sandner and Hall demonstrated for the first time that
Raney®-Ni?" and Pd on charcoal® can be effective catalysts in the decarbonylation of many alkyl
formates, respectively. Starting from the ’90s, the appealing of formate esters as CO alternative for
conducting carbonylation reactions in the absence of pressurized carbon monoxide was evaluated.
Hydroesterification of alkenes,'?”! carbonylation of alkyl and aryl halides,?*! hydroformylations,**! Pauson-
Khand reaction?” and nitroarene reductions?®! were demonstrated to be feasible with alkyl formates
(especially using methyl formate). At this stage, even Pd?*> 271 or Nil?®! complexes were successfully
employed as catalysts. More recently, aryl formates were reported to be valuable CO surrogates as
demonstrated in the seminal paper of Tsuji.*”! In the following years, many research groups directed their
efforts to developing new aryl formates-based carbonylation protocols that avoid the use of free, gaseous or
pressurized carbon monoxide. In fact, using the latter CO sources, it was possible to circumvent the severe
reaction conditions required for the decarbonylation of alkyl formates. As the consequence, many of the aryl
formate-based procedures involves mild reaction conditions and/or low catalyst loadings. The most active
groups in the field are represented by M. Beller,*” Y. Shi,B!'Y. Tsujil® 32 and K. Manabe.[**! Recently, the
last author published a stimulating review that covered the field.!"') Concerning the chemical nature of the
aryl moiety in the aryl formates, Manabe and co-workers demonstrated that EWG groups on the aryl ring led
to faster decarbonylation rates. 2,4,6-Trichlorophenyl formate exhibits a complete decarbonylation in 30
minutes at room temperature using triethylamine as stoichiometric reactant (for the mechanistic discussion
about the decarbonylation of aryl formates see below). As the comparison, 4-chlorophenyl formate and
simple phenyl formate exhibited 24 % and 16 % conversion in 24 hours, respectively.** Nevertheless, owing
to its commercial availability and cheapness, phenyl formate is still considered the CO surrogate of choice in
the field of formate esters. It has to be underlined that even formic acid itself can be used as CO surrogate.
Strong mineral acids such as H,SOs or solid acids such as zeolites can decarbonylate formic acid (in the case
of H,SO4, the dehydration reaction is known as Morgan reaction).?! However, the use of concentrated
sulfuric acid and zeolites is incompatible with almost any type of transformations that involve organic
compounds. Therefore, the use of double-chamber reactors is compulsory. In addition, the high corrosiveness
of formic and sulfuric acid might be a problem if a non-glassware apparatus (such a metal reactor) has to be

used.



DMF is widespread used as reaction solvent owing to its properties of polarity and aproticity
accompanied by a high boiling point. However, in some cases DMF can acts as a reactant and more
specifically as carbonylating agent. In 1965 Rusina and co-workers described for the first time this behavior
demonstrating that if RhCl; and PPhs were refluxed in DMF, RhCI(CO)(PPh;), was formed. Later, Buzina
and co-workers described the same behavior of DMF with platinum halides. More recently, Gomez-Benitez
and Serp showed that RuCl(CO)(DMF)(PPh3), and [PPN]>[RuCls(CO)] (PPN=
bis(triphenylphosphine)iminium chloride) can be prepared from RuCly(PPh); and RuCl; in refluxing DMF,
respectively. Based on these uncommon properties, DMF was evaluated as CO source in carbonylation
reactions, especially aminocarbonylations.*®! Although the carbonyl group of the final target compound
clearly derives from the carbonyl moiety of DMF, an explicit evidence for DMF decarbonylation was albeit
never provided. However, the possibility to use DMF as CO surrogate is still desirable due to its very low

price and availability.

In continuation of the work of the synthesis nitrogen heterocycles from substituted nitro compounds, we
studied the feasibility of using DMF and formate esters as practical liquid CO surrogates in these
transformations. Thus, the aim of the work is to combine in a one-pot protocol a decarbonylation and a

reductive cyclisation of ortho-nitrostyrene and other nitro compounds (Scheme 4).

o) .
; H/&\X — > CO+xH! Decarbonylation (X=NMe,, OR)

( -------------------------- 1

BN \<\R(Ar) RN |

Al | )  Reductive cyclization
! 1

Scheme 4. Aim of the work.

During the progress of our work, the group of Driver showed the first example of cyclisation of nitro
compounds using CO surrogates.’”l However, toxic and expensive Mo(CO)s was employed. As the
consequence, this work describes for the first time the use of liquid CO surrogate for the production of

heterocycles starting from nitro compounds.

Our attention was mainly focused on the synthesis of indoles. The indole scaffold is ubiquitous in natural,

pharmaceutical, agrochemical and in general biologically active molecules (Figure 1).5%!
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Figure 1. Examples of biologically-relevant molecules containing the indole scaffold.

Furthermore, substituted indoles are often described as privileged structures due to their ability of selectively
bind biological receptors.*’! Recently, indole-based functionalized molecules were successfully employed as
materials in dyes or organic light emitting diodes (OLEDs).1*"! Starting from the well-known Fischer indole
synthesis (first reported in 1883), during the last and the current centuries the literature has been enriched by
a huge number of possible synthetic approaches.*!! A multitude of both stoichiometric and catalytic
processes were developed, some of which nowadays represent name reactions (Madelung, Nenitzescu,
Bartoli, Batcho-Leimgruber, Larock, Madelung). Regarding catalytic processes, among the various transition
metals, Pd represents a catalyst of choice for the synthesis/*?! and functionalization*! of indole rings. A
general disconnection approach for the preparation of indoles is depicted in Scheme 5. The strategies

presented in this thesis belongs to disconnection a and e.

Scheme S. Indole synthesis: disconnection approach.
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2. Results and discussion

Our investigation started with the selection of the target CO surrogates. We focused our attention to

commercially available substances: four formate esters and N, N-dimethylformamide were chosen (Figure 2).

o) 9 o) o) o)

I 1l 1l
P /C\ /C\ /C\ /C\
H OMe H OnBu H OBn H  OPh H NMe,

Figure 2

2.1. N,N-Dimethylformamide as CO source

Owing to the widespread use of DMF as solvent in many carbonylation reactions (included the reductive
carbonylation of nitro compounds), our preliminary efforts have been devoted to evaluate its ability in
releasing CO. Initial screening of conditions and metal sources embrace the use of various metal complexes,

both alone or in bimetallic systems (Scheme 6).

7 :
| ! A = 1 mol % [Pd(Phen),J[BF 45, 1 mol % Rus(CO)15
. C —\ ! ’ !
Ay~ [Cat]A BorC) m@ | 20 mol % Phen
DMF N N ' B =1 mol % RhClg, 20 mol % Phen
NO2 H .

C =1 mol % Fe(CO)s, 20 mol % Phen
1a 2a

Scheme 6. DMF as CO source: model reaction and the three employed catalytic systems.

Our preliminary efforts started with the evaluation of the couple [Pd(Phen);][BF4]o/Rus(CO);» as catalytic
system for the reductive cyclization of 1a (Table 1) using DMF both as the CO source and the reaction

media.

Table 1. Use of DMF as CO source in the reductive cyclization of 1a employing A (see Scheme 6) as the catalytic system.”

Entry Basic promoter Conversion Selectivity
1%l" [%]"
B 17 56
DBU 24 2
KOH 9% "
4 - 36 2

* Reaction conditions: 0.25 mmol 1a, mol. ratio [Pd]:[Ru]:Phen:substrate = 1:1:20:100, DMF 10 mL, reaction time 6 h, temperature 143 °C. In entry 2
and 3, mol. ratio basic promoter:substrate = 1:1; ® Conversion and selectivity were determined using GC (biphenyl as internal standard); ¢ Reaction
time was 12 h.

In order to avoid CO stripping from the reaction mixture, 143 °C was chosen as the reaction temperature (the
boiling point of DMF is 153 °C). Although the catalytic system is active in the desired transformation,
selectivities in the indole 2a remains low or moderate without achieving complete conversion. The addition
of a base to the reaction mixture turned out to be positive for the activity (Table 1, entry 2 and 3).

Unfortunately, despite higher conversion were registered, selectivities decreased. An elongation of the
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reaction time allowed for increasing the conversion (Table 1, entry 4), but a drop in the selectivity was

detected.

Catalytic test in the presence of RhCl; were conducted under the same reaction conditions employed in

the Pd/Ru system.

Table 2. Use of DMF as CO source in the reductive cyclization of 1a employing B (see Scheme 6) as the catalytic system.”

Entry Basic promoter Conversion Selectivity
[%]" [%]"
! - 16 70
2 i 1 -
¥ - 16 57
4 KOH 45 40

* Reaction conditions: 0.25 mmol 1a, mol. ratio [Rh]:Phen:substrate = 1:20:100, DMF 10 mL, reaction time 6 h, temperature 143 °C. In entry 4, mol.
ratio basic promoter:substrate = 1:1; ® Conversion and selectivity were determined using GC (biphenyl as internal standard); ¢ Phen was omitted; ¢
Reaction time was 18 h; ¢ Reaction time was 12h.

Even in this case, we found that RuCls is an active catalyst in the reductive cyclization of 1a using DMF as
the CO source (Table 2, entry 1). In order to increase conversion, reaction time was raised to 18 h (Table 1,
entry 3). However, the conversion remains the same and a decreasing of the selectivity in the desired product
occured. The latter fact can be ascribed to the low stability of indoles at high temperature and in the presence
of metallic species. Entry 2 demonstrated that Phen is an essential component for exploiting the activity of
Rh. Following the results obtained in the case of Pd/Ru system in the presence of bases, we attempted to
boost both conversion and selectivity adding KOH (Table 2, entry 4). Nevertheless, no significant

improvements were obtained.

Finally, Fe(CO)s were tested as catalyst in the transformation. The interest in the use of iron as catalyst in
organic synthesis (both as homogeneous and heterogeneous) has shown an exponential growth in the last two
decades due to the increasing demand for environmental friendly and sustainable chemical methods. In fact,
Fe is one of the most abundant metals in the earth crust thus being one of the cheapest metal. In addition, its
biocompatibility is in agreement with the implementation and development of benign chemical processes.
For a more detailed discussion about metal prices, availability and use of Fe-based system in catalysis see

Chapter III and references cited therein.
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Table 3. Use of DMF as CO source in the reductive cyclization of 1a employing C (see Scheme 6) as the catalytic system.?

Entry Basic promoter Conversion Selectivity
[%]° [%o]®

1 ] o 2

2 KOH 45 .
3ed KOH >09 10
4¢ Et:N <1 e
5o LiOH 23 34
6" Et:N 9 o

@ Reaction conditions: 0.25 mmol 1a, mol. ratio [Fe]:substrate = 1:100, DMF 10 mL, reaction time 6 h, temperature 110 °C. ®* Conversion and
selectivity were determined using GC (biphenyl as internal standard); ¢ Phen added (mo. ratio Phen: Fe(CO)s = 20:1); ¢ Mol. ratio basic
promoter:substrate = 2:1; ¢ Mol. ratio Et;N:substrate = 1:1; { Mol. ratio Et;N:substrate = 29:1.

As demonstrated by the comparison between entry 1 and 2 in Table 3, the presence of a base is essential for
the activity. In fact, is generally known from the literature that Fe(CO)s could require a base for its
activation.[**! The reaction between Fe(CO)s and HO" to give tetracarbonylhydridoferrates, HFe(CO)s, was
discovered by Hieber in 1932 (Scheme 7).

oC (|:O oc,, | oC (|:O
//// HO' /", O - /1,
Fe—CO Foo \,/\/ 02 Fe——H
oc” | oc” |\ 0 oc” |

CO co H

Scheme 7. The Hieber base reaction.

Moreover, the addition of Phen (Table 3, entry 3) doubled the conversion though maintaining the selectivity
very low. Other organic (Table 3, entries 4 and 6) or inorganic (Table 3, entry 5) bases were evaluated as
promoters. It is known that the couple Fe(CO)s/EtsN is able to reduce nitroarenes under catalytic
conditions.*”) However, in the examined reaction, the use of Et;N did not lead to any conversion or, when

used in large amount, only a slight activity was registered.

Despite we demonstrated that DMF can be used as CO source in our cyclization reactions, the obtained

results remain overall poor. Thus, we focused our attention to the more promising formate esters.
2.2. Formate esters as CO sources: alkyl formates

As exhaustively described in the introduction of this chapter, alkyl formates were successfully employed
as CO sources in many carbonylation reactions employing transition metal complexes as catalysts. Initially,
the bimetallic system composed by Ru3(CO)i2 and [Pd(Phen),][BFi] was investigated. In fact,
[Pd(Phen),][BF4]» was extensively used as catalyst in cyclization reactions using pressurized CO as the
reductant whereas Ru3(CO);2 was found to be an active catalyst in the decarbonylation reaction of many
alkyl formate esters. Using (E)-methyl-2-nitrocynnamate as the model substrate, various reaction conditions

were evaluated (Table 4).
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Table 4. [Pd]/[Ru]-catalyzed reductive cyclization of 1b using n-butyl formate as CO source: influence of various reaction
parameters.?

1 mol % RU3(CO)12

Xy COOMe 1 mol % [Pd(Phen),][BF ], \ \
- COOMe + COOEt
NO 20 mol % Phen N N

2 Basic promoter, HCOOn-Bu H H
1b 180 °C,6 h 2b 3b

1b Conversion 2b Selectivity ~ 3b Selectivity  2b + 3b Selectivity  2b yield
Entry  Basic promoter

[%]® [%]® [%]®
1°¢ - <1 <1 <1 <1 <1
2¢ Et;N <1 <1 <1 <1 <1
3d - <1 <1 <1 <1 <1
44 Et:N <1 <1 <1 <1 <1
5¢ Et;N 15 traces traces <1 <1
6 Et;N 72 45 2 47 32
7 Et;N 85 40 8 48 34
8 - 53 23 <1 23 23
92 Et;N 96 65 21 86 62
10 DBU >99 29 <1 29 29
11 DABCO 97 24 <1 24 24
12 DIPEA 71 40 <1 40 29

* Reaction conditions: 0.27 mmol 1b, mol. ratio [Pd(Phen),][BFs],:Ru3(CO);,:Phen:1b = 1:1:20:100; mol. ratio basic promoter:1b = 2:1; reaction
solvent 10 mL. Reactions were performed into heavy-wall borosilicate glass tubes (ACE Pressure tube). ® Conversion and selectivity were determined
by GC analysis using biphenyl as the internal standard. ¢ Reactions were performed in standard Schlenk glassware under N, atmosphere at the boiling
point of n-butyl formate (106-107 °C). ¢ CH;CN was employed as reaction solvent instead of n-butyl formate. ¢ Only [Pd(Phen),][BF,], was employed
as catalyst. T Only Ru3(CO);, was employed as catalyst. ¢ Reaction time was 10 h

As our first attempt, we carried out the reaction under refluxing conditions in standard Schlenk glassware
(Table 34, entries 1 and 2). However, the reaction did not proceed even in the presence of a basic promoter.
As expected, if the transformations were carried out in a pressure tube but using a non-CO releasing solvent
such as acetonitrile, still the reaction did not proceed. To our delight, the use of n-butyl formate both as CO
source and reaction solvent, allowed to achieve moderate conversion of 1b and good selectivity in the
desired product. The reaction conducted with [Pd(Phen),][BF], alone proceeded to a low extent. In fact, Pd
complexes are not able to efficiently decarbonylate formate esters. In contrast, the use of Ru3(CO);, alone
was found to be effective showing a good selectivity but a low conversion in the desired indole. The use of
Ru catalysts (and especially Ruz(CO)i2) in the intra-molecular reductive cyclization of substituted nitro
compounds has been known for years.[*! The combination of the two metals allows for an increasing of the
conversion (Table 4, entry 7). The best result was obtained in the case of 10-hours reaction (Table 4, entry
9): a nearly complete conversion and a satisfactory selectivity in the desired indole was achieved. The

addition of Et:N lead to an increasing of the selectivity in the indole. The use of other organic bases (stronger
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than Et;N) led to very high conversions but accompanied by a low selectivity. In these cases, relatively large
amount of 2-aminocinnamic acid methyl ester were detected by GC-MS. The beneficial role of Et;N in the
reductive cyclization of nitro compounds was previously observed.*”) However, it is noteworthy that, when
Et;N was employed in combination with Pd catalyst as the basic promoter, indole 3b was detected as the side
product. Although the mechanism of this transformation is still unclear, a Pd-mediated Et;N dealkylation!*®!
and a subsequently transesterification could be involved (Scheme 8). Complex [Pd] in Scheme 8 can result
from the coordination of Et;N to the Pd center after displacement of the acetonitrile ligand.*”! However,
owing to the presence of both Phen (that exhibit a stronger coordination ability than Et;N) as ancillary ligand
and acetonitrile as the reaction solvent, a large number of equilibria are contemporary present in the reaction
mixture whose position is rather difficult to rationalize. In addition, very small amounts of the ethyl ester of

the starting material was detected in the reaction, whose formation can be explained as in the case of 3b.

® O
SN [P SN H‘zg ) + Et,NH
° U

- [Pd]-H
l[Pd], CO/H,0

Scheme 8. Pathway for the production of ethyl esters.

Other by-products of the reaction are by the corresponding amine and the cyclization product of the latter,
namely a lactam (Scheme 9). The presence of 2-aminocinnamic acid methyl ester was detected only in the
case of reactions conducted in the presence of Ru3(CO)i» (both alone or in combination with
[Pd(Phen),][BF4]2). This fact can be explained by the ability of this cluster to catalyze the reduction of
aromatic nitro compounds to amines using the couple CO/H,O as the reductant.®™ Traces of 3,4-
dihydroquinolin-2(1H)-one were also detected that can arise from the reduction of the conjugated C=C
double bond. In fact, despite the use of distilled solvents and dried glassware, adventitious traces of water
may be present both in the solvents or in the gaseous nitrogen. However, one must also consider that alcohol
dehydrogenation to yield aldehydes and a formal equivalent of dihydrogen (free dihydrogen does not need to
be formed) is a well-known reaction, which is known to be catalyzed by several transition metals. Ruthenium
is particularly effective in this respect and some butanol is obviously present in the reaction mixture as a
byproduct of the formate decomposition. Thus, it is not surprising that some reduction processes occur,

especially when ruthenium is present in the reaction mixture.
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[Pd)[Ru]
M N
NN om0 SO weon ©\/l
NO, reduction NH, lactamization H @]

CO/H,0
reduction

Cr,
H

Using the reaction conditions previously employed in the case of (£)-methyl-2-nitrocynnamate, we

Scheme 9. Side reaction pathway for 1b.

extended the optimization study to 2-nitrostylbene for the synthesis of 2-phenylindole (Table 5). Since we
obtained the starting material as a diasteroisomeric £ and Z mixture, we examined the reactivity of both the
pure diasteroisomers and their mixture. At variance with what observed with 1b, in the current case the
corresponding amine 3¢ was detected as by-product to a much higher extent. As previously mentioned, the
formation of this product can be explained by the ability of Pd and especially Ru in catalyzing the conversion
of aromatic nitro compounds into the corresponding amines in the presence of CO and H»O or alcohols. As
expected, the catalytic system composed by Ru and Pd is active in the desired transformation. As
demonstrated in the previous case, an elongation of the reaction time allowed for better conversions although
a decrease in the selectivity in the desired indole 2¢ occurred (Table 5, entry 2). However, the selectivity into
3c did not significantly vary with the reaction time. This evidence can be attributed to the greater stability of
3c with respect to 2¢ under the reaction conditions. In entry 5, 6 and 7, other bases were evaluated. As
demonstrated in the case of 1b, despite complete (DBU and DABCO) or good (DIPEA) conversions,
selectivities are lower than those obtained with Et;N. It is worth noting that Et;N is one of the best organic
bases both in terms of cost (0.29 €-mL"') and easiness of removal from the reaction mixture owing to its

relatively low boiling point (89 °C).

Table 5. [Pd]/[Ru]-catalyzed reductive cyclisation of 1c.*

1 mol % RU3(CO)12

PN 1 mol % [Pd(Phen),][BF ], \ . . Ph
@f\f 20 mol % Phen, EN mph @
NO2 HCOON-Bu H NH;
le 180°C, 6 h 2¢ ac
Entry Z:E mol. ratio le C(;(I)Z']irsmn 2c S‘[’izc]tIVIty 3¢ S([fiZC]tIVlty
1 2:1 65 69 q
2° 2:1 >99 52 29
Only Z 61 74 20
4 Only E 81 63 9
5d 2:1 >99 45 )
6° 2:1 >99 1 3
7' 2:1 41 23 ”
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 Reaction conditions: 0.27 mmol 1¢, mol. ratio [Pd(Phen),][BF4],:Ru3(CO);2:Phen:1¢ = 1:1:20:100; mol. ratio Et;N:1¢ = 2:1; reaction solvent 10 mL.
Reactions were performed into heavy-wall borosilicate glass tubes (ACE Pressure tube). ® Conversion and selectivity were determined by GC analysis

using biphenyl as the internal standard. ¢ Reaction time was 10 h. ¢ DBU was used instead Et;N. ¢ DABCO was used instead Et;N.  DIPEA was used
instead Et;N.

A close look at the reaction outcomes in the case of pure £ and pure Z isomers evidences that the reaction
is slower in the case of the Z than in the case of £ one. However, the selectivity followed an opposite trend.
In both cases, the selectivity in the by-product 3¢ was not affected by the configuration of the starting
material. In order to better understand the observed outcomes, cyclic voltammetric studies were performed.
As depicted in Figure 3, three cathodic peaks with peak potentials around -1.12 (A), -1.80 (B) and -2.30 V
(C) were detected.

20+

T T
-3,5 -3,0 -2,5 -2,0 -1,5 -1,0 -0,5 0,0
Potential (V vs Cp,Fe)

Figure 3. Cyclic voltammograms recorded of (£)-1c and (E)-1c. The CV tests were conducted in anhydrous DMF with a
substrate concentration of 6-:104 M + 0.1 M of TEATFB (= tetraethylammonium tetrafluoroborate) as supporting electrolyte,
with a potentital scan rate of 0.2 Vsl

According to the literature, the first peak (A in Figure 3) is attributed to the quasi-reversible one-electron
reduction of the nitro group to its radical anion.!®! At more negative potentials, the second peak (B in Figure
3) is attributed to the reversible one-electron reduction of the nitro radical-anion to the nitrodianion (Scheme
10). Finally, the third cathodic peak (C in Figure 3) at around -2.30 V arises from the irreversible reduction
of the stilbene moiety. The involved species were depicted in Scheme 10 and the corresponding E,. values

are reported in Table 6.

X, Ph . X Ph o ~_.Ph |~
A B
N02 N02 N02

Scheme 10. Electrochemical reduction steps of 1c.
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Table 6

Epc for Z isomer Epc for E isomer AEpc
Peak
VI [Vl [mV]
A -1.15 -1.12 30
B -1.83 -1.81 20

Analyzing the available data as a whole, it clear that Z isomer is more difficult to reduce than the £ one. This
is true for both the reduction steps attributed to the nitro moiety. The difference in reactivity can be explained
as follow. If we assume that both the diasteroisomers follow the same reduction route for the nitro group, a
radical anion is formed in the initial step. As any kind of radical species, the stability of the latter strongly
depends on the extent of the electron delocalization. Owing to the steric hindrance in the Z isomer, the nitro
group should be more tilted with respect to the aryl ring to which it is bound and, moreover, the latter may be
located in a twisted position with respect to the central C=C double bond thus leading to a worst electron
delocalization with respect to the £ congeners (a flatter molecule). As confirmation of this, the crystal
structure of (Z)-2-nitrostilbene clearly shows not only a twisting of the nitro group with respect to the aryl
ring but even a remarkable twisting of the two aryl moieties (Figure 4).°" The twisting of the nitro group
from the aryl plane has long been known to influence its reduction potential and o-nitrotoluene is reduced at

a 0.07 V more negative potential than its para isomer.?

Figure 4. Crystal structure of (Z)-2-nitrostilbene.

Unfortunately, the literature lacks of crystal structures of the E isomer. However, unsubstituted trans-stilbene
showed a completely flat structure (Figure 5), which presumes an equal (or very similar) structure for the 2-
nitro derivative.l**! For the sake of completeness, cis-stilbene showed a distorted conformation in which the
two sp2 angles deviate from the canonical 120° (the actual value is 130°) and the two rings are tilted at a 43°
angle with respect to the ethylene plane.** In addition, not only the degree of delocalization in the Z isomer
is minor than in the £ one, but furthermore an isomerization is required prior to the amination step. On the

contrary, in the £ isomer the latter step is not necessary. These findings well correlate with the experimental

Q P o

Figure 5. Structural conformation of cis-stilbene and #rans-stilbene.
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In the aim of decreasing the amount of n-butyl formate, mixed reaction media were tested (Table 7). A
volumetric ratio of 1:9 in favor of the second solvent was employed. Three solvents with different polarity
were chosen. While polar aprotic solvents such as acetonitrile or DMF led to good conversions, the reaction
using toluene proceeded very slowly. In every case, selectivities were moderate and lower than those

achieved in the case of neat n-butyl formate.

Table 7. [Pd]/[Ru]-catalyzed cyclisation of 1b: mixed solvent effect.

1 mol % RU3(CO)12

X COOMe 1 mol % [Pd(Phen),][BF 1, A A
- COOMe + COOEt
NO 20 mol % Phen, EtzN N N

2 HCOOn-Bu:solvent = 1:9 H H
1b 180 °C, 6 h 2b 3b
Entry Solvent 1b C([);)v]ebrsmn 2b S;}Zizlwty 3b S;}Zizlwty 2b + 3b Selectivity  2b yield
1 CH;CN 53 18 5 23 10
DMF 70 40 <1 40 28
3 Toluene 28 21 traces 21 6

Other alkyl formate esters were tested in the desired transformations. Methyl formate was extensively
used as CO source in a large variety of reactions.’*™ In addition, among all the tested CO surrogates depicted
in Figure 2, it shows the highest value of atom economy because of the low molecular weight of methanol.
Owing to the relatively low boiling point of methyl formate (32-34 °C), in order to avoid overpressure
troubles (ACE pressure tubes are rated up to 11 bar), all the catalytic reaction that employed methyl formate

were conducted in autoclave. Furthermore, benzyl formate was further employed.

Table 8. [Pd]/[Ru]-catalysed reductive cyclization of 1b using methyl and benzyl formates as CO sources.”

1 mol % Rus(CO),

X COOMe 1 mol % [Pd(Phen),][BF 4], \ A
- COOMe + COOEt
NO 20 mol % Phen N N

2 EtzN,HCOOn-Bu H H
1b 180 °C, 6 h 2b 3b

Entry CO Source 1b Conversion 2b Selectivity 3b Selectivity ~ 2b + 3b Selectivity 2b yield

[%]" [%]" [%]"
1 Methyl formate 48 52 - 52 25
2 Benzyl formate >99 53 - 53 53

* Reaction conditions: 0.27 mmol 1b, mol. ratio [Pd(Phen),][BFs],:Ru3(CO);,:Phen:1b = 1:1:20:100; mol. ratio basic promoter:1b = 2:1; reaction
solvent 10 mL. Reaction in entry 2 was performed into heavy-wall borosilicate glass tubes (ACE Pressure tube). Reaction in entry 1 was performed
into a 200 mL stainless-steel autoclave using a glass reaction vessel. ® Conversion and selectivity were determined by GC analysis using biphenyl as
the internal standard

As summarized in Table 8, these two CO sources did not allow for better results.

In this section, we demonstrated the feasibility of the use of alkyl formate esters as CO sources in the
reductive cyclization of o-nitrostyrenes. A combined [Pd]/[Ru] catalytic system in combination with Et;N
under neat conditions of the CO surrogate, allowed for the preparation of indoles in moderate conversions
and selectivities. Despite extensive efforts (that included the use of other alkyl formate esters-based CO
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surrogates), the obtained results are far from achieving a useful protocol that can be substitute the ones based

on gaseous CO. Thus, we proceeded in evaluating the use of phenyl formate as CO source.
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2.3. Formate esters as CO sources: phenyl formate

In the last few years, the use of aryl formates as CO source was intensely investigated by many groups
achieving very good results in many kind of carbonylation reactions. Thus, we explored the use of phenyl
formate in our target transformation. Because of the relatively high cost of phenyl formate with respect to
alkyl congeners, its amount was reduced to 1 mL using acetonitrile as the solvent. Firstly, different reaction
temperatures were tested (Table 9).

Table 9. [Pd]/[Ru]-catalyzed reductive cyclization of 1b using phenyl formate as CO source: influence of the reaction
temperature.?

1 mol % Ruz(CO)42

X COOMe 1 mol % [Pd(Phen),][BF ], A A
- COOMe + COOEt
NO 20 mol % Phen N N

2 Et;N, HCOOPh (1 mL) H H
1b CH4CN (9 mL) 2b 3b
6h
Reaction 1b Conversion 2b Selectivity 3b Selectivity 2b + 3b Selectivity
Entry temperature N N . )
o [%o] [%o] [%o] [%o]
[°Cl]

1 180 >99 65 - 65
2 140 >99 92 - 92
3 120 >99 86 - 86
4 90 >99 76 - 76

* Reaction conditions: 0.27 mmol 1b, mol. ratio [Pd(Phen),][BF,]»:Ru3(CO),>:Phen:1b = 1:1:20:100; mol. ratio basic promoter:1b = 2:1; reaction
solvent: 1 mL HCOOPh + 9 mL CH;CN. ® Reactions were performed into heavy-wall borosilicate glass tubes (ACE Pressure tube). ® Conversion and
selectivity were determined by GC analysis using biphenyl as the internal standard

It is clear that, although conversion remains complete in all the cases, selectivity is severely influenced by
reaction temperature. The highest selectivity was achieved at 140 °C. Temperature above or below this value
led to lower values. This fact might be ascribed to two factors. The low selectivity achieved at 180 °C can be
imputed to the low stability of indoles at high temperature whereas the relatively low selectivities registered
at 120 °C and 90 °C can be attributed to the accumulation of a reaction intermediate. The latter can be N-
hydroxyindole since the other possible intermediate (o-nitrosostyrene) immediately reacts under the reaction
conditions (see mechanistic investigations for further details). Gratefully, in every case, the formation of 3b
was completely suppressed. Encouraged by the results showed in Table 9, we focused our efforts to optimize
the desired transformation using phenyl formate as the CO source. First of all, a screening of Pd and Ru
precursors was performed at 140 °C, decreasing the reaction time to 3 h and diminishing the amount of

phenyl formate to 0.5 mL (Table 10).

22



Table 10. Reductive cyclization of 1b: screening of Pd and Ru pre-catalysts.”

X COOMe 1 mol % [Pd] or [Ru]
(;(\/ 20 mol % Ph B mCOOMe
NO mol % Phen N

2 EtsN, HCOOPh, CH4CN H
1b 140 °C, 3 h 2b
1b Conversion 2b Selectivity
Entry Pd precursor
[%]" [%]”

1 Pd(CH3CN),Cl» >99 (19) 98 (17)

2 [Pd(Phen),][BF4]> >99 (32) 94 (34)

3 Pd(OAc), >99 (4) 92 (traces)
4 Pd(dba), 86 (4) 93 (traces)
5 Ru3(CO)12 23 79

* Reaction conditions: 0.27 mmol 1b, 1 mol % Pd catalysts or Rus(CO);,, 20 mol % Phen, 500 nL. HCOOPh (that corresponds to 17 equiv. of 1b or
8.5 equiv. of the CO required by the reaction), 2 equiv. Et;N (80 pL), 9.5 mL CH;CN. Reactions were performed into heavy-wall borosilicate glass
tubes (ACE Pressure tube) at 140 °C for 3 h. ® Conversion and selectivity were determined by GC analysis using biphenyl as the internal standard. °
Values in brackets refer to the reactions performed omitting Phen.

In all the cases, the employed Pd pre-catalysts were very effective in the transformation leading to complete
conversion and almost complete selectivity in the case of Pd(CH3CN),Cl,. Notably, if the transformations
were conducted in the absence of Phen, conversions were poor (Table 10, entries 1 and 2) or negligible
(Table 10, entries 3 and 4). Conversely, Ru3(CO);2 does not provide satisfactory results. Apart specific cases,
in many kind of intramolecular cyclization reactions of nitro compounds, Pd/Phen complexes are much more
active than Ru-based catalytic systems. In contrast with the previously reported results in the case of alkyl
formates, herein the bimetallic systems are not required and only Pd is sufficient to achieve excellent results
in terms of both conversion and selectivity. Owing to the relatively high cost of phenyl formate compared to
alkyl formates, its amount was optimized using Pd(CH3CN),Cl; as pre-catalyst.
1004
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Figure 6. HCOOPh optimization. Reaction conditions: 0.27 mmol 1b, 1 mol % Pd(CH;CN),Cl,, 20 mol % Phen, 2 equiv. Et;N (80 pL), 10 mL
CH;CN. Reactions were conducted into a sealed ACE Pressure Tube at 140 °C for 3 h. In the case of complete conversion at the end of the reaction,
dispersed metallic Pd was observed into the reaction vessel. Conversion and selectivity were determined using GC (biphenyl as internal standard).

As demonstrated in Figure 6, the reaction maintains its efficiency down to 200 pL, which corresponds to 3.4
times the stoichiometric amount with respect to the required CO (2 equivalents of CO are needed for a

complete deoxygenation of a nitro group). Further diminishing of the HCOOPh amount lead to a slight
23



decreasing of the selectivity and a drop of the conversion. It should be noted that, both purchased phenyl
formate (Sigma-Aldrich, code n. 06556) and that synthesized by us (see experimental section for its
preparation) performed equally. We further proceeded in the optimization of the Et;N amount, achieving

complete conversion and selectivity with 1 equivalent to 1b (Figure 7).

100
95 +
90

85+

%

80

—=— 1a Conversion (%)
65 —e— 2a Selectivity (%)

T T T T T
025 050 075 1,00 1,25 150 1,75 2,00
Et.N equivalent

Figure 7. EtsN optimization. Reaction conditions: 1 mol % Pd(CH;CN),Cl,, 0.27 mmol 1b, 20 mol % Phen, 200 pL. HCOOPh, 10 mL CH;CN.
Reactions were conducted into a sealed ACE Pressure Tube at 140 °C for 3 h. Conversion and selectivity were determined using GC (biphenyl as
internal standard).

Finally, the Phen amount was optimized. Results depicted in Figure 8, showed that just a small amount of
ligand (5 mol %) is necessary to achieve both complete conversion and selectivity. Although such low
ligand:metal ratios are common in phosphine-based catalytic systems, in the case of nitrogen based ones,
because of the general low coordination ability of the latter, relatively high ratio must be used. Thus, our

current case represents an exception.
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Figure 8. Phen optimization. 1 mol % Pd(CH;CN),Cl,, 0.27 mmol 1a, 200 uL. HCOOPh, 40 pL Et;N (1 equiv.), 10 mL CH;CN. Reactions were
conducted into a sealed ACE Pressure Tube at 140 °C for 3 h. Conversion and selectivity were determined using GC (biphenyl as internal standard).

Owing to the relatively mild conditions employed in the case of phenyl formate with respect to the alkyl
congeners, we were interested in testing if the reaction can be run in standard Schlenk glassware (note that
when n-butyl formate was employed under these conditions no catalytic activity was registered at all).

Catalytic experiments revealed that if the reaction was conducted into Schlenk glassware, poor conversion
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was achieved (Figure 9). Indeed, after 9 h conversion was 8 %. However, if further 200 pL. of HCOOPh
were added, the reaction was speeded-up achieving 19 % of conversion. As a comparison, if the reaction was
performed into a pressure tube, 65 % conversion and 97 % selectivity after 9 h were achieved. This
experiment proves that the sluggish reactivity into an open vessel system cannot be imputed to a deactivation
of the Pd catalyst but to a very low CO concentration in the liquid phase since it is free to move into the gas
phase. As a matter of fact, the use of a pressure tube (or in general of a closed reaction vessel) is crucial for

both maximizing the amount of CO in solution and increase the reaction rate.
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200 pL of HCOOPhH were added
95 \ g
00 o e -~
//
85 /
j /
X 80= //
/
20 // u
/ /
154 //
10 / /n
5 //-
0% T T T T T T T T

BN

T T T T T T 1

01 2 3 4 5 6 7 8 9 10 11 12 13 14
Reaction time (h)

Figure 9. Reaction conditions: 0.27 mmol 1b, 1 mol % Pd(CH3CN),Cl,, 20 mol % Phen, 1 equiv. Et;N (40 pL), 10 mL CH;CN. The reaction was
conducted at reflux temperature. Conversion and selectivity were determined using GC (biphenyl as internal standard).

In order to handle suitable amount of both starting materials and reaction products, we decided to scale-up
the reaction by a factor of two. In order not to shift the coordination equilibria in the system, the following
variations were made: a) the catalyst and nitroarene amounts were doubled; b) the Phen, EtsN and CH3;CN
amounts were left unvaried; c) the amount of HCOOPh was varied in such a way that its excess with respect

to the stoichiometrically required amount remained unchanged.

+ 0.27 mmol - based protocol:
1 mol % Pd(CH3CN),Cl,

+ 5 mol % Phen

1 6.8 equiv. HCOOPh

' 1 equiv. Et;N
X COOMe m + 10 mL reaction solvent
@(V . COOMe |
NO, H + 0.54 mmol - based protocol:

t 1 mol % Pd(CH3CN),Cl,
E 2.5 mol % Phen

i 0.50 equiv. EtzN

4.4 equiv. HCOOPh

* 10 mL CH3CN

Having the optimized conditions in our hands, we proceeded with the exploration of the reaction scope.
To this purpose, various o-nitrostyrenes were cyclized to the corresponding indoles. As showed in Figure 10,

esters (2a, 2b, 2¢) and amides (21) derived from 2-nitrocinnamic acid were successfully cyclized providing
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the corresponding indoles in yields from good to excellent. Indoles substituted in the 2 and/or 3 positions
with aryl (2n), 2-pyridil (2h) and cyano group (2i, 2j, 2k) were obtained in excellent yields. Cyano groups,
due to their synthetic versatility, can be further transformed into other functional groups such as thioamides,
tetrazoles, amines or carboxylic acid derivatives. Labile, bromo (2m), chloro (2s, 2t) and aldehydic (2f)
groups were well tolerated affording the desired indoles in moderate to excellent yields. 2-Phenyl-6-
azaindoles 2e was synthetized in very high yield starting from le. Azaindoles are a class of nitrogen rich
molecules that found broad application is many fields such as pharmaceuticals, agrochemicals and natural
products also exhibiting peculiar photophysical properties.>®! Furthermore, double cyclization was feasible
leading to the formation of a bisindole in good yields (20). Compounds belonging to 2,6-bis(2’-
indoyl)pyridine class have been successfully used as ligands in metal-based phosphorescent and
electroluminescent devices.’”! Trifluoromethyl groups on the aryl moiety were outstandingly tolerated
leading to the formation of the corresponding indoles in almost quantitative yield. Indole 2r, bearing a
pyrrole moiety in position 2, represent a scaffold for a large family of novel estrogen receptor ligands.® The
moderate yield of 2r can be ascribed to the very low stability of the compound under the reaction conditions.
In fact, although the dried crude reaction was stored under nitrogen at low temperature (-20 °C) in the dark,
after one night the solid became brown. In addition, when the pure compound was solubilized into distilled
CDCI; under a nitrogen atmosphere, a black precipitate appeared after few hours. Unfortunately, the
cyclization of bis-o-nitrostyrene 1v failed due to the very scarce solubility of the starting material in both
acetonitrile or chlorinated solvent (o-dichlorobenzene) at various reaction temperatures (up to 180 °C).
Irrespective of the reaction time (up to 8 h), in all cases the substrate was recovered almost quantitatively at

the end of the reaction without any trace of the desired product.
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Figure 10. Substrate scope. Reaction conditions: 0.54 mmol nitro compound, 2.5 mol % Phen, 4.4 equiv. HCOOPh (260 pL) with respect to the
starting material, 0.50 equiv. Et;N (40 pL), 10 mL CH;CN. All reactions were conducted into a sealed ACE Pressure Tube at 140 °C for the indicated
time.

As the comparison, if the previously investigated protocol based on n-butyl formate was applied, lower
yields were achieved (see 2a, 2h, 2n, 2q and 2t) thus confirming the effectiveness of phenyl formate as CO
source. Furthermore, it has to be highlighted that in several cases the achieved yields are larger than those
previously reported in the literature using pressurized CO. As demonstrated by Table 11, in almost all the

cases our protocol allowed for higher yields.
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Table 11. Comparison with indoles synthetized from o-nitrostyrenes using gaseous CO: selected example from the literature.
The maximum achieved yields for each compound are here reported.

Yield
Entry Indole Catalytic system (%] Reference
(1]
O
DR
1 H OMe [Rh] ¢, 7 bar CO, 100 °C, 20 h 83 (591
2a
N —
\ Ru3(CO)12, 80 bar CO, 220
, O o ;
H °C,5h
2h
C-O
3 N Ay Pd(dba),/Phen 87 11
H 6 atm, 120 °C, 24 h
2e
o
PR
4 H Ph [Rh] %, 7 bar CO, 100 °C, 20 h 92 (591
2f
PA(OAC),, PPhs, 4 atm CO, 70
5 N 91 (621
H °C,15h
2n

O P O Pd(OAc),/TMPhen *
6 F3C 55 [37b]

Mo(CO)s “, 100 °C, 10 h

¢ [Rh] = [Rh(CO),(TMEDA)]"[RhCl,(CO),];* TMPhen = 3,4,7,8-tetramethyl-1,10-phenanthroline; ¢ Mo(CO)s was employed as CO source instead of
gaseous CO.
The latter outcomes clearly demonstrate that our procedure is a virtuous alternative to the free-CO based

ones not only in terms of less dangerousness and costs, but even for synthetic purposes.

Moreover, if the model reaction was conducted under CO pressure under optimized conditions (but
omitting the phenyl formate), a decreased activity was registered obtaining the desired product in very high

selectivity but accompanied with a moderate conversion.

X _COOMe 1 mol % Pd(CH3;CN),Cl, N\
> COOMe
2.5 mol % 1,10-Phen, 0.54 equiv. Et;N N
NO; CH5CN, 30 bar CO, 140 °C, 3 h H
Conv. 58 % Sel. 95 %

In order to broaden the scope of our protocol, we decided to extend our method to other reductive
cyclization reactions of substituted nitro compounds. More specifically, carbazoles, quinolones and indoles

from f-methyl-f#-nitrostyrenes were produced in low to good yields (Figure 11). Despite the obtained results
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are not comparable to those reported in the case of ortho-nitrostyrenes, it has to be underlined that we did not

further optimized the reaction conditions.

O 5 mol % Pd(CH5CN),Cl, C[Ph
> +
O Phen, HCOOPh, Et;N NH,

N02 CH3CN H by-
180 °C,5h y =135 % pro
du
9] ct
O
_ 1 mol % Pd(CHsCN),Cl, O |
O O Phen, HCOOPh, Et5N H
N02 OMe CH3CN oM
140 °C, 3 h ©
y=67%
recovered by filtration
no chromatographic
separation
N NO, 1 mol % Pd(CH3;CN),Cl, - A
Phen, HCOOPh, Et;N N
CH5;CN H
140 °C, 7 h y=51%

Figure 11. Other N-heterocycles from the Pd-catalysed reductive cyclization of substituted nitro compounds using HCOOPh
as the CO source.

In order to gain insight into the reaction mechanism, the decarbonylation reaction was independently
studied. Various previous works in the literature claimed that phenyl formate can be decarbonylated by
bases, e.g. triethylamine.*> 3% On the contrary, to the best of our knowledge, only one work reported that
Pd(OAc); in combination with P-based ligands (both chelating or not) is able to perform this
transformation.*”! In order to discriminate between this two kind of activations, as the first test, HCOOPh
was subject to react with EtsN or Pd(CH3CN),Cl, at 140 °C in a pressure tube (Figure 12 and Figure 13,
respectively). After 3 h, in the first case complete conversion was achieved (the characteristic IR peaks at
1741 and 1761 cm™ corresponding to the symmetric and asymmetric stretching of C=0O were used to detect
the presence or the absence of HCOOPh into the reaction mixture) and a 3400 cm™ broad band ascribed to
phenol appeared. On the contrary, in the second case (reaction with Pd(CH3CN»)Cl2) no conversion was
detected at all. A control experiment carried with HCOOPh alone in CH3CN, rules out a thermally-driven

decarbonylation reaction. In addition, Phen alone was found to be inactive in the same transformation.
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Figure 12. Reaction of HCOOPh with Et;N at t=0 (left) and after 3 h (right). Reaction conditions: HCOOPh 1 mmol, Et;N 1 mmol,
CH;CN 5 mL. Reaction was conducted into a sealed ACE Pressure Tube at 140 °C for 3 h.
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Figure 13. Reaction of HCOOPh with Pd(CH3CN):Cl. at t=0 (left) and after 3 h (right). Reaction conditions: HCOOPh 1 mmol, 5
mol % Pd(CH;CN),Cl,, CH;CN 5 mL. Reaction was conducted into a sealed ACE Pressure Tube at 140 °C for 3 h.

For the purpose of better following the course of the transformation, the reaction of HCOOPh with Et;N
was performed under refluxing conditions (CH3CN as the solvent) and monitored by FT-IR spectroscopy
(Figure 14). A clear decrease of the two peaks corresponding to the C=0 bonds and a contemporary increase
of the band at 3400 cm™ were detected during the time. Noteworthy, at all stages of the reactions, no other
C=0 stretching bands were detected. Kinetic studies revealed that the reaction follows a first kinetic order

with respect to HCOOPh and Et;N leading to a global second order (r = A{lHCOOPh][Et;N]).
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Figure 14. Decarbonylation of HCOOPh with EtsN. Top left: superimposed FT-IR spectra at different times. Top right:
HCOOPH and PhOH absorbance vs reaction time. Bottom left: first order kinetic plot for HCOOPh. Bottom right: firs order
kinetic plot for EtsN.

In the light of the obtained results, it is clear that a base (in the current case Et;N) is able to decarbonylate
phenyl formate without the assistance of any metal species (EtsN-mediated decarbonylation of phenyl
formate were performed into glass equipment with a new stirring bar in order to avoid any false positive
provided by adventious metal traces adsorbed on the stirring bar). Concerning the mechanism, in a recent
paper, Miiller, Lolli and co-workers described the carbonylation of phenol to methyl phenyl carbonate using
methyl formate as the carbonylating agent and sodium or potassium methoxide as the catalysts.[) In the
mechanistic proposal, the authors assumed that the alkoxide anion is able to deprotonate the formylic proton
generating an unusual carbonyl anion. Subsequently, CO and methanol can be formed. The formation of a

methoxy-carbonyl palladium complex was also supposed (Scheme 11).

0 CH,OM* | O

~ @m

MeO™ + CO

7~

H™ O O

[Pd]

O
1

Scheme 11. Alkoxide-mediated decarbonylation of methyl formate.

[Pd]

Despite methoxycarboxyl-type complexes are well known and stable,'®! no evidence of their formation were
provided in the mentioned paper. In addition, the carbonyl anion was never detected. Unfortunately, no other
mechanistic investigations for the decarbonylation reaction have ever been published. However, we found
that if pyridine was employed as the base, no reaction occurred (in refluxing CH3;CN) whereas DBU under
the same reaction conditions is able to decarbonylate phenyl formate in less than 15 minutes (the reaction
performs well even at room temperature). Thus, the decarbonylation mechanism can somehow be correlated

with the strength of the employed base. This fact is an evidence that an acid-base reaction could occur.
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Nevertheless, we can assume that since the carbonyl anion is rather unstable (no reports of its detection), a

concerted process might be occurring (Scheme 12).
[BH"PhO] + CO

o
/ |
\/B: + PhOH

Scheme 12. Proposed decarbonylation mechanism of phenyl formate.

B:

Finally, our attention focused on the mechanism of the reductive cyclization. It is generally accepted that
any kind of transition-metal catalyzed reduction of nitroarene using CO as the reductant begins with a single
electron transfer (SET) from the metal to the nitro group. This mechanism was demonstrated in the case of
Ni,15) Ru, ) Fel6”) and Rhl%®! complexes. Despite direct indications of such mechanism in the case of Pd-
based systems were never reported, evidences for radical formations involving nitrosoarenes with Pd(0)
species were described.l®’ It is thus clear that only metal species in low (zero or even negative) oxidation
states are able to activate nitroarenes. The proposed cycle is depicted in Scheme 13. On the basis of the latter
assumptions, we postulated that the Pd(II) pre-catalyst is converted into a Pd(0) specie that is able to transfer
an electron to the substrate forming the radical anion A. It is generally agreed that nitrosoarenes are active
intermediate in the reductive cyclization of nitro compounds using CO as the reductant. As the consequence,
intermediate A is deoxygenated by a first equivalent of CO generating the nitroso intermediate B.
Subsequently, a 1,5-electrocyclization occurs and the nitronate C is formed. The latter is then converted into
the nitronate D by a 1,5-hydrogen shift reaction. Isomerization of D lead to the formation of the N-
hydroxyindole, which finally is converted into the desired product by a second equivalent of CO in the
presence of the catalyst. The intermediate reaction sequence B-C-D-E was theoretically studied by Houk and
Davies.™™ They concluded that, despite the latter reaction sequence does not involve any metal-mediated

reaction, the 1,5-hydrogen shift (from C to D) could be promoted by metals and/or bases.
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Scheme 13. Proposed mechanism for the presented transformation.

In order to intercept the supposed key-intermediate B, 1a was reacted under optimized reaction conditions
with 2,3-dimethyl-1,3-butadiene in the aim of trapping it in the form of a 2H-oxazine through a hetero-Diels-
Alder (HDA) as probe reaction. Unfortunately, only the cyclization product was detected (eq. (1), Scheme
14). On the contrary, if nitrobenzene was subjected to the same reaction conditions, the corresponding 4,5-
dimethyl-2-phenyl-3,6-dihydro-2H-1,2-oxazine was formed and detected as sole product at GC-MS (eq. (2),
Scheme 14).

0 X COOMe
oo | TYETACHONC,

@) ©\/w . : o . N + mcoom
NO = 0.54 equiv. Et;N \ j( N

2 . HCOOPh, CH,CN o) H
16 equiv. 140 °C, 3 h
’ Not detected Sole product
detected at GC-MS

1 mol % Pd(CH5CN),Cl,

NO
2N 2.5 mol % Phen ]
@) . .
= I

0.54 equiv. Et3N
16 equiv. HCOOPh, CH;CN
140°C, 3 h

Q

Sole product
detected at GC-MS

Scheme 14. Attempt to intercept the nitroso intermediate.

On the basis of these experiments, we can conclude that:

1) Owing to the formation of the oxazine in eq. (2), it is very likely that nitroso intermediate of type B

are generated during the catalytic cycle.
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2) After o-nitrosostyrene B has formed, the cyclization reaction occurs with a higher rate compared to
the HDA. The inability of intercepting the o-nitrosostyrene can be ascribed to the high reactivity of
nitroso derivatives with alkenes (a marked phenomenon in the case of intra-molecular reactions), a
fact known for years.”® 7! In particular, Kuzmich and co-workers showed that when o-
hydroxylamine were subjected to oxidations, N-hydroxyindoles were formed, failing in the isolation
of the corresponding o-nitrosostyrene.’” In support of this claim, any attempt by other authors to

intercept o-nitrosostyrenes were unsuccessful.[*® 73

3) Our catalytic system coupled with HCOOPh is able to efficiently convert nitroaromatics into the

corresponding oxazines paving the way for another synthetic application.

In conclusion, we have here presented an efficient and convenient synthetic procedure for the
manufacture of nitrogen heterocycles from nitro compounds. In many cases, this CO-surrogate based
protocol allows producing the desired products with selectivities and yields larger than those previously
reported using hazardous pressurized CO. In addition, the catalytic system (based on Pd(CH3CN),Cl, and
Phen) and the CO surrogate are composed by commercially available compounds therefore avoiding tedious
and elaborated synthesis of metal complexes or ligands thus increasing the feasibility of this protocol both in

laboratory and in a larger scale production.
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3. Synthesis of the starting materials

Since ortho-nitrostyrenes are not commercially available compounds, various strategies were employed
for their preparation. Owing to the poor selectivity and sometimes harsh reaction conditions of nitration
reactions, we decided to start from substrates already carrying the nitro group. Gratefully, 2-nitrocinnamic
acid and 2-nitrobenzaldehyde are cheap commercially available compounds. Therefore, we used these
molecules as key starting materials for the preparation of a large variety of substrates. Firstly, 2-

nitrocinnamic acid was derivatized to the corresponding esters and amides by using conventional protocols

(Scheme 15).
COOM
MeOH _ ©\/\/ ©
H,SO, NO

2

@(\/COOH (COC|)2‘ @(\/COCH N NN O
NG DMF (cat) NO Py NO,

2 2

Boc,0 ©\/\/COO”3U
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Scheme 15. Preparation of carboxylic acid derivatives starting from 2-nitrocinnamic acid.

As a classic tool in organic synthesis, Wittig reaction was employed for the synthesis of 2-nitrostilbene
derivatives. Taking advantage of the commercial availability of substituted 2-nitrobenzaldehydes, several 2-
nitrostilbenes were prepared. We employed a simple protocol that allowed for conducting the reaction in a
biphasic water-CH,Cl, system at room temperature (Scheme 16) using ammonium salts as phase-transfer

agents.

8 s 0
N . @ PPhsBr ___ NOH@y @(\w
BuN*Br / CH,Cl
= 4 2v12
R~ NO, 7~ No,

Scheme 16. The Wittig approach to the preparation of substituted 2-nitrostilbenes.

2-Nitrobenzaldehyde was employed as starting material for the preparation of 2-nitrocalchones through
Claisen-Schmidt condensation. The reaction was performed in the solid state grinding the starting materials

and the alkali reactants in a mortar without the use of any solvents. Good yields were achieved with this

0O 0 0]
| K,CO3/ NaOH e
+ AN > N
| v grinding | v
N02 /R NOZ R

Scheme 17. Solid-phase Claisen-Schmidt condensation.

protocol (Scheme 17).
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Knoewenagel and Knoewenagel-type condensations are versatile tools for the construction of C=C double
bonds starting from activated C-H bonds. By following this strategy and using 2-nitrobenzaldehyde as

starting material, pyridine and phenanthroline containing substrates were prepared (Scheme 18).

B ]
S
N SN
o
]
NO,

Scheme 18. Knoewenagel-type condensation of 2-nitrobenzaldehyde.

In addition, Knoewenagel-type condensations were further used for the preparation of nitrostyrilpyridine and
of other ortho-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 19).

| PhCHO
N~ NO, MeOH, p|per|d|ne

R
CN o CN “A
| ~ MeOH _ S A
| piperidine, r.t.
NO X
2 R

Scheme 19. Other Knoewenagel-type condensations for the preparation of substrates.

Finally, we focused our attention on transition metal catalyzed cross-coupling methodologies. One of the
most valuable approach for the arylation of styrenes is represented by Mizoroki-Heck reaction.
Unfortunately, very few examples for the arylation of styrenes with 2-halonitrobenzenes are present in the
literature. Moreover, classic cross-coupling methodologies such as Suzuki-Miyaura, Stille and Negishi cross-
couplings require the pre-functionalization of the starting materials with boron, tin or zinc moieties,
increasing the cost and the overall steps of the transformation. Thus, we focused our attention to different

methods. An alternative and feasible approach is represented by the Heck-Matsuda reaction (Scheme 20).
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Scheme 20. Classic Heck-Matsuda approach for the preparation of ortho-nitrostyrenes.

This reaction has the benefit that only gaseous dinitrogen is produced as side product thus avoiding the
formation of salts as wastes. On the other hand, diazonium salts must be prepared from the corresponding
anilines and they generally suffer from poor thermal stability (in some cases they tend to explode, especially
in the presence of a nitro group on the aryl ring). A great advance in this field was made when Matsuda
demonstrated that this transformation can be performed directly from anilines and alkyl nitrite generating the

diazonium salt in situ (Scheme 21).4 In addition, only dinitrogen, water and fert-butanol were produced as

N2 [Pd]. tBUONO N A
| P + Z>Ar - || P
/" No, R~F "No

R 2

side products.

Scheme 21. Modified Heck-Matsuda approach: in situ formation of the diazonium salt.

[74-75]

Following reported protocols, we were able to synthesize various alkyl and aryl ortho-nitrostyrenes

starting from cheap and commercially available ortho-nitroaniline derivatives in very good yields.
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4. Experimental section

4.1. General consideration

Unless otherwise stated, all reactions and manipulations were performed 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. Solvents were dried and distilled by standard
procedures and stored under dinitrogen atmosphere. Butyl and methyl formate was dried over MgSOs,
filtered by cannula techniques and then distilled under a dinitrogen atmosphere. Benzyl formate was
degassed by three freeze-pump-thaw cycles but not distilled. Et;N was distilled from CaH,. DBU (1.8-
diazabicyclo[5.4.0Jundecen-5-ene) and DIPEA (N,N-diisopropylethylamine) were distilled from CaH» under
vacuum and under atmospheric pressure, respectively. Phenyl formate was purchased form Sigma Aldrich or
prepared following a procedure reported in the literature (vide infia). Deuterated solvents were purchased by
Sigma-Aldrich: DMSO-ds (commercially available in 0.75 mL vials under dinitrogen atmosphere) was used
as purchased while CDCl; was filtered on basic alumina and stored under dinitrogen over 4 A molecular
sieves. 1,10-Phenanthroline (Phen) was purchased as hydrate (Sigma-Aldrich). Before use, it was dissolved
in CH,Cl,, dried over Na,SO, followed by filtration under dinitrogen atmosphere and evaporation of the
solvent in vacuum. Phen was weighed in the air but stored under dinitrogen atmosphere to avoid water
uptake. All the Pd precursors employed in this work were prepared starting from commercially available
PdCl, following procedures reported in the literature (vide infra). RhCls and Fe(CO)s were purchased by
Sigma Aldrich. Fe(CO)s was distilled under static vacuum, collecting the liquid in a liquid nitrogen cooled
trap. All other reagents were purchased from Sigma-Aldrich or Alfa-Aesar and used without further

purifications.
4.2. General analysis methods

"H-NMR and *C-NMR spectra were recorded at room temperature (at frequencies of 300MHz for the
proton and 75MHz for the carbon) on a Bruker AC 300 FT or on an Avance Bruker DPX 300 or on a Avance
Bruker 600 MHz. Chemical shifts are reported in ppm relative to TMS; the data are reported as follows:
proton multiplicities (s=singlet, d=doublet, t=triplet, g=quartet, m=multiplet and br=broad), coupling
constants and integration.

GC-MS analyses were registered using a Thermo Fisher ISO™QD Single Quadrupole GC-MS equipped
with a ZB-IMS 60m column or on a Shimadzu GC-MS QP50504 equipped with a Equity-5ms capillary

column.

GC analyses were performed using a Shimadzu GC - 174 / GCMS - QP5050 equipped with a Supelco
SLB™.5ms capillary column. A standard analysis involves the preparation of a sample solution (conc. 0.1

mg-mL! calculated respect to the internal standard amount) in CH>Cl,. The internal standard was biphenyl.
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Elemental analyses were performed on a Perkin Elmer 2400 CHN eclemental analyzer. IR spectra were

registered on a Varian Scimitar FTS-100 instrument.

4.3. General protocol for catalytic reactions conducted in a pressure tube and using Schlenk
glassware

All the Ru, Pd, Rh and Fe catalysts were added to the reaction through stock solutions prepared in the
appropriate alkyl formate, DMF or acetonitrile (in the case of phenyl formate). Every catalyst was weighted
and stored in the air (except for Pd(OAc), that was stored under nitrogen to avoid water uptake and Fe(CO)s
that was stored under nitrogen and in the dark) whereas the solutions were prepared under dinitrogen
atmosphere using distilled solvents. For catalytic runs that required an amount of Phen less than 10 mg, a
stock solution was prepared.

In a typical catalytic reaction, the substrate was weighted in the air and placed in a heavy-wall
borosilicate glass tube (ACE pressure tube, volumetric capacity of ~ 18 mL, purchased from Sigma Aldrich —
code n. Z181064). Afterwards solvent, stock solutions of the catalysts and Phen, phenyl formate and
triethylamine were added. In the case of alkyl formates, the reactions were conducted under neat conditions
of the CO surrogate. Subsequently the pressure tube was plugged with a Teflon screw cap and immersed in a
preheated oil bath. At the end of the reaction, the pressure tube was lifted and let to cool to room
temperature.

Then, the screw cap was carefully removed, the excess of CO was vented and the content analyzed by
GC, GC-MS or subject to column chromatography.

The same reaction protocol was employed for running the catalytic runs in standard Schlenk glassware.

4.4. General protocol for catalytic reactions conducted in autoclave

In a typical catalytic reaction 1,10-Phenanthroline and the substrate were weighed in the air in a glass
liner and then placed inside a Schlenk tube with a wide mouth under a dinitrogen atmosphere. The catalyst
solutions ([Pd(Phen);][BF4]> and Ru3(CO)i» in freshly distilled methyl formate or Pd(CH3;CN).Cl: in
CH;CN) and Et;N were added by volume and the liner was closed with a screw cap having a glass wool-
filled open mouth which allows gaseous reagents to exchange. The Schlenk tube was immersed in liquid
nitrogen until the solvent froze and evacuated and filled with dinitrogen three times. The liner was rapidly
transferred to a 200 mL stainless steel autoclave equipped with magnetic stirring. The autoclave was then
evacuated and filled with dinitrogen three times and subsequently immersed in a pre-heated oil bath. At the

end of the reaction, the autoclave was quickly cooled with an ice bath and vented.

4.5. GC quantitative analysis for catalytic reactions
At the end of the catalytic reaction, the internal standard (biphenyl) was added to the reaction mixture
(1/4 mass ratio with respect to the starting material) and an aliquot was diluted with CH,Cl,. The final

solution must have a biphenyl concentration of 0.1 mg-mL"!.
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4.6. Isolation of reaction products
At the end of the catalytic run, the reaction mixture was quantitatively transferred into a round bottom
flask and the solvent removed. Reaction products were isolated by column chromatography (silica gel) using
hexane/CH>Cl, or hexane/AcOEt as the eluent (in both the cases, from 1 to 2 % of EtsN was added to the

eluent in the aim of partially deactivate acidic sites of silica gel).

4.7. General protocol for FT-IR investigation under standard catalytic conditions (pressure tube)
HCOOPh (109 pL, 1 mmol) was dissolved in 5 mL of CH3;CN inside an ACE pressure tube.
Subsequently, the desired reagent (EtsN or Pd(CH3;CN),Cl,) was added. The reaction vessel was plugged
with a Teflon coated screw cap and immersed in a preheated oil bath (140 °C). At the end of the reaction, the
pressure tube was lifted and let to cool to room temperature. Then, the screw cap was carefully removed and

the content analyzed at FT-IR using a 0.1 mm CaF; cell.

4.8. General protocol for FT-IR investigation under Schlenk conditions (kinetics)

HCOOPh (65.4 uL, 0.6 mmol) were dissolved in CH3CN (3 mL) inside a Schlenk tube. Subsequently, the
desired amount of Et;N was added. The reaction vessel was immersed into a pre-heated oil bath reaching
refluxing conditions. At the desired time, the Schlenk tube was lifted-up and after 5 minutes a very small
aliquot was analyzed at FT-IR using a CaF, cell. The disappearing of HCOOPh was evaluated monitoring
the decreasing of the two C=0 stretching bands at 1741 and 1761 cm™'.

4.9. CV procedure

Cyclic voltammetry (CV) investigations were carried out in a 25 cm® conic glass cell, under conditions,
on 6-10* M solutions of the investigated molecules. Tetraecthylammonium tetrafluoroborate (0.1 M) was
employed as the supporting electrolyte. The working electrode was a glassy carbon disk (GC2=AMEL,
geometrical surface 0.05 ¢cm?) cleaned by synthetic diamond powder (Aldrich, diameter=1 mm) on a wet
cloth (STRUERS DP-NAP), and rinsed with the dry solvent employed afterwards to remove any moisture
possibly remaining on the electrode after the cleaning (failure to do so can lead to irreproducible results); the
counter electrode was a platinum wire or disk; the operating reference electrode was an aqueous saturated
calomel electrode, but the potentials were ultimately referred to the Fc+/Fc couple (the intersolvental redox
potential reference currently recommended by IUPAC). The experiments were carried out using an
AUTOLAB PGSTAT potentiostat (EcoChemie, The Netherlands) run by a PC with GPES software.
Potential scan rates typically ranged 0.05 to 2 V-s-!, and ohmic drops were corrected with the positive
feedback method. Since electron-transfer products tend to film the electrode surface thus conditioning its
activity, the reported CV patterns consist of the combination of half cycles started from a central potential
value at which no process takes place and proceeding in either positive or negative direction, on a freshly

polished electrode surface.
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4.10. Synthesis of phenyl formate
0] Ac,0, AcONa 0]

I +  PhOH -l

H” ~OH H” ~OPh

The synthesis was performed following the procedure reported in the literature.*3

The reaction was performed under a dinitrogen atmosphere. In a 250 mL Schlenk flask formic acid (38
mL, 1 mol) was added to acetic anhydride (76 mL, 0.8 mol). The mixture was stirred at 60 °C for 1 h and
then cooled to r.t. This mixture was transferred by using a cannula into a 500 mL flask containing phenol
(18.8 g, 200 mmol) and sodium acetate (16.4 g, 200 mmol). (Attention: the reaction is rather exothermic.
Maintain the flask into a water/ice cooling bath until it reaches RT.) The reaction was stirred for 3 h and then
diluted with toluene (150 mL), washed with water (3x100 mL) and dried over MgSQOs. Then, it was filtered
and concentrated affording phenyl formate as a pale yellow liquid (65 % yield).

'H NMR (400 MHz, CDCls) 8 8.33 (s, 1H), 7.47 — 7.41 (m, 2H), 7.30 (t, J = 7.5 Hz, 1H), 7.18 (m, 2H).
3C NMR (101 MHz, CDCls) § 159.33, 149.98, 129.73, 126.39, 121.16.

4.11. Preparation of Pd and Ru precursors
4.11.1. Pd(CH;3CN).Cl,
The synthesis was performed following the procedure reported in the literature.[”®!
PdCl, (1.011 g, 5.70 mmol) were suspended into 70 mL of CH3CN and refluxed for 2 h. In order to
remove undissolved material, the hot solution was filtered by using a Teflon cannula. The solution was
cooled at 0 °C to promote the precipitation of the desired complex. The so-formed orange solid was filtered

through a Buchner funnel. (1.4706 g, 99.5 % yield).

Elemental analysis for C4H¢CI,N>Pd. Calc.: C 18.52; H 2.33; N 10.80. Found: C 18.80; H 2.28; N 10.80.

4.11.2. [Pd(Phen):][BF4]:

The synthesis was adapted from that reported in the literature.!’”!

PdCL (1 g, 5.72 mmol) was suspended into 100 mL of water. HCOONa (2.051 mg, 30.2 mmol) and
NaOH (1.624 g, 40.6 mmol) were subsequently added. After 30 min, metallic Pd in the form of finely
divided powder appeared. Water was removed and the solid obtained washed with 3x30 mL of water. 12 mL
of HNO; (65 % water solution) was dropwise added (attention: brow/red gases were released, use a well-
ventilated fume hood). At the end of the gases releasing, the volume of the liquid phase was concentrated to
around 1 mL. Water was added (2x3mL) and removed maintaining only 1 mL of it. In a 50 mL flask, the so-
formed Pd(NOs), was dissolved into 75 mL of acetone and maintained under stirring for 30 min. The
suspension was filtered. The solution was transferred into a 100 mL flask and Phen (2.052 g, 11.4 mmol)

was added. Immediately a white solid precipitated. The mixture was maintained under stirring overnight. The
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day after it was filtered through a Buchner funnel. The obtained solid was dissolved in methanol (170 mL).
NaBF4 (9.39 g, 85.5 mmol) was added and the suspension maintained under stirring for 2 days at room
temperature. Subsequently, it was collected by filtration on a Buchner funnel and dried. 2.6203 g of
[Pd(Phen),][BF4]> were obtained (72 % yield).

Elemental analysis for Co4H16B2FsN4Pd. Calc.: C 45.01; H 2.52; N 8.75. Found: C 44.83; H 2.57; N 8.83.

4.11.3. Pd(dba);

The synthesis was adapted from that reported in the literature.!’®!

PdCl, (1.48 g, 8.35 mmol), and NaCl (492 mg, 8.41 mmol) were dissolved into 40 mL of freshly distilled
methanol at room temperature for 16 hours. Afterwards, the mixture was heated at around 60 °C and dba
(6.36 g, 27.1 mmol) was added. The solution was maintained at 60 °C until complete dissolution of all the
material occurred. Then, AcONa (12.52 g, 152.6 mmol) was added and the mixture maintained under stirring
at room temperature. A dark violet solid precipitated. It was collected by filtration on a Buchner funnel,

washed with methanol and water, and finally dried in vacuo. Yield = 97 %.

Elemental analysis for C34H»3O,Pd. Calc.: C 71.02; H4.91; N -. Found: C 71.32; H 4.88; N -.

4.11.4. Pd(OAc):

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

PdCL (1 g, 5.72 mmol) was suspended into 100 mL of water. HCOONa (1.6 g, 23.4 mmol) and NaOH (2
g, 50 mmol) were subsequently added. After 30 min metallic Pd in the form of finely divided powder
appeared. Water was removed and the obtained solid washed with 3x30 mL of water. The solid was
suspended in 40 mL of glacial acetic acid and 0.6 mL of concentrated nitric acid was slowly added under
stirring. The mixture was refluxed for 30 min while nitrogen was bubbled inside the reaction solution. The
volume of the reaction mixture was reduced to one third using gentle heating. After reaching RT, an orange
powder precipitated. It was collected by filtration on a Buchner funnel affording the desired compound (86

% yield).

Elemental analysis for C4H¢O4Pd. Calc.: C 21.40; H 2.69; N -. Found: C 21.54; H 2.67; N -.

4.11.5. Ru3(CO)12
The synthesis was adapted to that reported in the literature.[*"!
1.26 g of RuCls'nH,O were dissolved in 50 mL of distilled methanol and placed into a glass liner. The
latter was insert into a 200 mL stainless-steel autoclave that was charged with 50 bar of CO. Finally, it was
heated to 125 °C for 8 hours. At the end of the reaction, the autoclave was vented and the reaction mixture

contained an orange precipitate. The liner was maintained at -20 °C with the aim of maximizing the
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precipitate. The solid was collected by filtration on a sintered disc filter funnel. The resulting solid was
dissolved in inhibitor-free THF and filtered through Celite®. At the end, the solvent was removed affording
a bright orange solid (939 mg, 72 % yield).

FT-IR (hexane): 2060.8 cm™, 2029.0 cm!, 2008.8 cm’™.

4.12. Preparation of substrates

4.12.1. Synthesis of (E)-2-nitrocinnamate methyl ester

@(\/COOH H,SO, / CH30H @(\VCOOMG
NO Reflux NO

2 2

In a dried 100 mL round bottom Schlenk flask, frans-2-nitrocinnamic acid (2.02 g, 10.5 mmol) was
dissolved in 60 mL of freshly distilled methanol and 187 pL of concentrated sulphuric acid (95 %) were
added. The solution was refluxed under nitrogen atmosphere for 18 hours until the complete consumption of
the reagent that was monitored by TLC (hexane:ethyl acetate = 8:2). The resulting mixture was allowed to
reach room temperature and the methanol was removed in vacuo. The reaction raw material was suspended
in 30 mL of a saturated solution of NaHCO;. The solution was extracted with CH>Cl> (3 x 50 mL).
Combined organic layers were washed three times with 30 mL of a saturated solution of NaHCO; and two
times with 30 mL of water. The organic phase was dried over Na,SOs, filtered and the solvent removed in

vacuo. A pale yellow solid was collected (2.12 g, 10.2 mmol, 97 % yield).

'"H NMR (300 MHz, CDCL3) 5 8.11 (d, J = 15.8 Hz, 1H), 8.03 (d, J = 8.1 Hz, 1H), 7.72 — 7.60 (m, 2H), 7.59
—7.49 (m, 1H), 6.37 (d, J = 15.8 Hz, 1H), 3.83 (s, 3H).

BC NMR (75 MHz, CDCl3) & 166.59, 148.71, 140.51, 133.93, 130.91, 130.72, 129.51, 125.28, 123.24,
96.97, 52.37.

Elemental analysis for C1o0HoNO. Calc.: C, 57.47; H, 4.38; N, 6.76. Found: C, 57.67; H, 4.50; N, 6.75.

4.12.2. Synthesis of benzyltriphenylphosphonium bromide for Wittig reactions

PPh ®© 9
toluene

8 h, reflux

The procedure was adapted from those reported in the literature.®!!

In a 50 mL Schlenk flask, PPhs (4.76 g, 18.15 mmol) was dissolved in toluene (15 mL). Then, benzyl
bromide (1.96 mL, 16.15 mmol) was added. Immediately, a white solid precipitated. After 8 h of reflux, the
solid was collected by filtration through a Biichner funnel. 6.648 g, 90 % yield.

'H NMR (300 MHz, CDCl3) & (ppm) 7.77-7.56 (m, 15H), 7.19 (¢, 2H), 7.16 (t, 2H), 7.07 (t, 2H), 5.32 (d,
2H).
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SIP{'H} NMR (121.47 MHz, CDCl): § (ppm) 23.14 (s).
Elemental analysis for C,sH2,BrP. Calc.: C 69.29; H 5.12 Found: C 69.27; H 5.08.
4.12.3. Synthesis of (E)- and (Z)-2-nitrostilbene

O

[ ® © NaH
. ©/\Pph35r _ N
NO CH,Cl,, 0 °C to rt

2 NO,

The procedure was adapted to those reported in the literature.®?!

In a 1 L Schlenk flask, NaH (3.14 g, 78.5 mmol; 60 % dispersion in mineral oil) was placed inside and
washed three times with hexane. Subsequently, 160 mL of CH,Cl, were added. A solution of
benzyltriphenylphosphonium bromide (8.74 g, 2.02 mmol) in CH>Cl, (200 mL) was dropwise added while
the flask was maintained at 0 °C. Afterward, a solution of 2-nitrobenzaldehyde (2.60 g, 17.2 mmol) in
CH,Cl, (110 mL) was dropwise added. Then, the reaction mixture was allowed to reach r.t. and maintained
under stirring overnight. Water was then added and the two layers separated. The aqueous layer was
extracted with CH>Cl, (3x100 mL). The organic layers were washed with water and brine, dried over Na,SO4
and the solvent removed affording a yellow oil. In order to purify the desired product, a purification over a
silica pad using toluene as eluent was performed. 3.17 g of the desired product were obtained (83 % yield).
"H NMR analysis showed the presence of two isomers (E and Z) with a molar ratio 2:1 in favor of the Z

1somer.

An aliquot of the product was purified by column chromatography (silica gel; hexane:AcOEt = 95:5 as

the eluent) with the aim of separating the two isomers.

Characterization data for Z isomer:
"H NMR (300 MHz, CDCls) 6 8.16 — 8.05 (m, 1H), 7.45 — 7.37 (m, 2H), 7.34 — 7.26 (m, 1H), 7.18 (m, 3H),
7.08 (m, 2H), 6.92 (d, /= 12.1 Hz, 1H), 6.79 (d, /= 12.1 Hz, 1H).

BC NMR (75 MHz, CDCl3) & 136.27, 134.10, 133.48, 132.72, 132.27, 129.52, 128.66, 128.51, 127.93,
126.88, 125.11.

Elemental analysis for Ci4sH;1NO. Calc.: C 74.65; H 4.92; N 6.22. Found: C 74.42; H 4.69; N 6.01.

Characterization data for £ isomer:
"H NMR (300 MHz, CDCl3) 6 7.99 (d, J = 8.1 Hz, 1H), 7.79 (d, J = 7.9 Hz, 1H), 7.67 — 7.54 (m, 4H), 7.49 —
7.30 (m, 4H), 7.11 (d, /= 16.1 Hz, 1H).
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BC NMR (75 MHz, CDCls) & 143.15, 136.89, 134.28, 133.48, 129.22, 129.01, 128.58, 128.36, 127.49,
125.18, 123.93. One quaternary carbon is not detected.

Elemental analysis for Ci4H11NO,. Calc.: C 74.65; H 4.92; N 6.22. Found: C 74.; H 4.69; N 6.01.

4.12.4. Synthesis of (E)-2-nitro-1-styryl-4-(trifluoromethyl)benzene

O

| ® © NaOH(aq)
-
F3C NO BU4N Br /CH2C|2

2 FsC NO,

The procedure was adapted from a previous reported protocol.[®3]

In a 25 mL round-bottom Schlenk flask 2-nitro-4-(trifluoromethyl)benzaldehyde (234.5 mg; 1.07 mmol)
was dissolved in 14 mL of CH,Cl,. Then, benzyltriphenylphosphonium bromide (632.6 mg; 1.46 mmol) was
added. After its solubilisation, NaOH solution (50 mg in 80 pL of water) and tetrabutylammonium bromide
(1.7 g; 5.4 mmol) were added. The mixture was stirred at r.t. monitoring the disappearance of the starting
aldehyde using TLC. At the end of the reaction 20 mL of water were added and extracted with 3x20 mL of
CHCl,. The combined organic layers were dried over Na,SO4 and concentrated under educed pressure. In
order to isolate the product a chromatographic column was carried out (hexane:AcOEt=9:1 as the eluent). A

yellow oil was obtained. NMR analysis showed the presence of both the diasteroisomers in ratio Z:£=2:1.

Characterization data for Z isomer:

"H-NMR (cis isomer) (400 MHz, CDCls) & 8.37 (d, J = 0.7 Hz, 1H, cis 2), 7.63 (dd, J = 8.4, 1.8 Hz, 1H,
overlap with trans 8), 7.45 - 7.41 (m, 1H, cis-5, overlap with trans 10-12), 7.21 - 7.25 (m, 3H, cis 11-12),
7.10-7.07 (m, 2H, cis 10), 6.91 (brs, 2H, cis 7-8).

BC-NMR (cis isomer) (100 MHz, CDCl5) § 137.3, 135.9, 135.2, 133.7 (cis 8), 133.4 (cis 5), 129.1 — 129.5
(CF3), 129.1 (cis 4 and trans 4), 128.1 (cis 11 or cis 12), 128.5 (cis 11 or cis 12), 125.0 (cis 7), 122.3 — 122.1

(m, cis 2, overlap with frans 2). Three quaternary carbon signals were detected but not assigned.

Characterization data for £ isomer:

"H-NMR (trans isomer) (400 MHz, CDCls) & 8.26 (d, J = 0.7 Hz, 1H, trans 2), 7.95 (dd, J = 8.3, 1H, trans
5), 7.86 (dd, J = 8.3, 0.6 Hz 1H, trans 4), 7.64 (d, J=16.1 Hz, 1H, trans 8), 7.59 (m, 2H, trans 11), 7.46 —
7.36 (m, 3H, trans 10-12), 7.21 (d, J = 16.1 Hz, 1H, trans 7, overlap with cis 11-12). Three quaternary

carbon signals were detected but not assigned.

45



BC-NMR (trans isomer) (100 MHz, CDCl3) & 137.3, 136.3 (trans 8), 135.9, 135.2, 129.1 — 129.5 (m, CF5),
129.1 (cis 4 and trans 4), 128.9 (trans 5 and trans 10-12),127.4 (trans 11), 122.3 — 122.1 (m, trans 2 overlap
with cis 2), 122.1 (trans 7).

F-NMR (both isomers) (282 MHz, CDCl3) & -63.13, -63.19.

4.12.5. Synthesis of (E)-4-chloro-1-(4-chlorostyryl)-2-nitrobenzene and (E)-1-chloro-2-(2-

nitrostyryl)benzene

R2 R2 R3 R2 R3
+
R’ NO, Step A Step B O
R! NO,

1t: R'=CI; R?=H; R3=Cl
1s: R'=H; R?=Cl; R3=H

The procedure was adapted to those reported by the literature.[”]

Step A. 4-Chloro-2-nitrotoluene (4.88 g, 28.4 mmol), 4-chlorobenzaldehyde (3.32 g, 23.6 mmol) were
dissolved in 30 mL of DMSO. Then, DBU (4.2 mL, 28.1 mmol) was added. The mixture was maintained
under stirring for 4 days. At the end of the reaction, 60 mL of AcOEt were added and the organic layer
washed with brine (3x60 mL). The organic layer was dried over Na,SQs, filtered and the solvent removed
affording a yellow oil. The latter was purified using column chromatography (silica gel,

hexane:AcOEt=9:1+3% iPrOH). The alcohol was obtained as dark yellow oil (2.85 g, 39 % yield).

Step B. The reaction was performed under air. 2.85 g (9.15 mmol) of the intermediate alcohol was
dissolved in 60 mL of toluene. Subsequently, 348.3 mg (1.83 mmol) of p-toluenesulfonic acid was added.
The mixture was refluxed for 3 h. At the end of the reaction, the acid was neutralized with a satured solution
of NaHCOs (3 x 40 mL). The organic layer was dried over Na>SO, and the solvent removed affording a
yellow solid. In order to isolate the product in a pure form, the obtained solid was subjected to recrystallation

from hexane/toluene (2:1 by volume). 1.09 g of a yellow solid was obtained (41 % yield).

Characterization data for 1t

'"H NMR (300 MHz, CDCl;) § 7.98 (d, J = 2.1 Hz, 1H), 7.70 (d, J = 8.5 Hz, 1H), 7.63 — 7.53 (m, 1H), 7.50 —
7.43 (m, 3H), 7.35 (d, J = 8.5 Hz, 2H), 7.02 (d, J = 16.1 Hz, 1H).

BC NMR (75 MHz, CDCls) & 143.16, 135.08, 135.01, 134.21, 133.70, 133.52, 131.64, 129.62, 129.48,
128.69, 125.34, 123.43.

Elemental analysis for CisHoCI.NOs, Calc.: C 57.17; H 3.08; N 4.76. Found: C 57.15; H 3.01; N 4.69.

The same procedure was employed for the preparation of 1s.
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Characterization data for 1s

'"H NMR (300 MHz, CDCl3) & 8.01 (d, J = 8.1 Hz, 1H), 7.82 (d, J = 7.8 Hz, 1H), 7.74 (dd, J = 7.5, 1.6 Hz,
1H), 7.65 (dd, J= 9.5, 5.3 Hz, 1H), 7.55 (d, J = 17.8 Hz, 2H), 7.50 — 7.39 (m, 2H), 7.36 — 7.21 (m, 2H).

BC NMR (75 MHz, CDCls) & 148.44, 135.03, 134.17, 133.67, 133.25, 130.25, 130.15, 129.88, 129.03,
128.78, 127.55, 126.62, 125.20.

Elemental analysis for CisHioCINO>. Calc.: C 64.75; H 3.88; N 5.39. Found: C 64.76; H 3.99; N 5.61.
4.12.6. Synthesis of (E)-3-(2-nitrophenyl)-1-phenylprop-2-en-1-one

0 0
| 0 K,CO3/ NaOH

AN
+ »
grinding O O
NO, NO,

The procedure was adapted to those reported by the literature.34

In a mortar, 2-nitrobenzaldehyde (377.8 mg; 2.5 mmol), acetophenone (292 uL; 2.5 mmol), K,COs (1.7
g; 12.3 mmol) and NaOH (100 mg; 2.5 mmol) were placed. They were grounded for about 20 minutes. The
mixture was extracted with 3x20 mL of AcOEt and the extracts were washed with water (3x20 mL) and
concentrated. A brown solid was obtained. The latter was purified using column chromatography (gradient
eluent, from hexane:AcOEt=8:2 to hexane:AcOEt=1:1) affording the product as a pale yellow solid (538.2
mg, 85 %).

'H NMR (300 MHz, CDCL;) 8 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).

BC NMR (75 MHz, CDCls) & 190.89, 148.95, 140.54, 137.79, 133.89, 133.49, 131.73, 130.68, 129.61,
128.98, 128.40, 127.80, 125.36.

Elemental analysis for C;sH;;NOs. Calc.: C 71.14; H 4.38; N 5.53. Found: C 71.46; H 4.19; N 5.31.

4.12.7. Synthesis of (E)-4-methyl-2-nitro-1-styrylbenzene

/@ENHZ ) /\@ Pd(dba),, tBUONO . « O
NO, AcOH, CICH,COOH O

50 °C Me NO,

The procedure was adapted to those reported by the literature.[’¥
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4-Methyl-2-nitroaniline (1.52 g, 10 mmol), styrene (2.3 mL, 20 mmol) and monochloroacetic acid (20 g)
were dissolved into 20 mL of glacial acetic acid. Finally, Pd(dba), (287.5 mg, 0.5 mmol) was added. The
resulting mixture was heated to 50 °C. A solution of BuONO in acetic acid (1.3 mL of /BuONO in 10 mL of
glacial acetic acid) was dropwise added over a 15 min period. Gas evolution was immediately detected. The
reaction mixture was maintained under stirring for additional 30 minutes. The mixture was neutralized with
satured aqueous solution of sodium carbonate. Then, it was extracted with dichloromethane (3x50 mL). The
combined organic layers were washed with brine and dried over Na,SO4. Solvent, fBuOH and excess of
styrene were removed under vacuum for at least 1 day. The resulting crude was purified by column

chromatography (hexane:AcOEt = 97:2). A yellow solid was obtained (1.43 g, 60 % yield).

'H NMR (300 MHz, CDCL;) § 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).

3BC NMR (75 MHz, CDCl;) & 148.28, 138.97, 137.06, 134.34, 133.39, 130.58, 129.18, 128.82, 128.31,
127.39, 125.38, 123.85, 21.30.
Elemental analysis for CisH3NO,. Calc.: C 75.30; H 5.48; N 5.85. Found: C 75.41; H 5.62; N 5.86.
4.12.8. Synthesis of of (E)-2-(2-nitrostyryl)pyridine
O =
P e S
N Reflux
NO, NO,
The procedure was adapted from a previous reported protocol.[3]

A 25 mL round-bottom Schlenk flask was charged with 2-nitrobenzaldehyde (1g; 6.62 mmol), acetic
anhydride (2 mL) and 2-picoline (914 pL; 9.26 mmol). The mixture was refluxed for 20 hours and monitored
by TLC (hexane:AcOEt = 3:7). The mixture turned from yellow to dark and the end of the reaction. The
solvent was evaporated to afford the crude product. The dark brown powder was purified by filtration over

silica pad using CH>Cl, as the eluent. A yellow solid was obtained (1.11 g; 74 % yield).

'"H NMR (300 MHz, CDCls) & 8.66 (d, J = 4.1 Hz, 1H), 8.04 (d, J = 16.0 Hz, 1H), 8.01 (dd, J= 8.1, 1.2 Hz,
1H), 7.83 (d, J = 7.8 Hz, 1H), 7.73 (td, J = 7.7, 1.7 Hz, 1H), 7.65 (t, J = 7.5 Hz, 1H), 7.53 (d, J = 7.9 Hz,
1H), 7.48 (t, J = 7.8 Hz, 1H), 7.26 (d, 1H, overlap with CDCL), 7.20 (d, J = 16.1 Hz, 1H).

BC NMR (75 MHz, CDCls) § 155.16, 150.01, 148.71, 137.22, 133.59, 133.38, 132.79, 129.05, 128.93,
128.31, 125.18, 123.28, 122.50.

Elemental analysis for Ci3H;oN20». Calc.: C 69.02; H 4.46; N 12.38. Found: C 69.31; H 4.53; N 12.49.
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4.12.9. Synthesis of of 2,6-bis((E)-2-nitrostyryl)pyridine
@ho N Ac,0
+ | _ _—
NO, N reflux

The procedure was adapted from a previous reported protocol.[3

In a 25 mL Schlenk flask o-nitrobenzaldehyde (1.43 g, 9.46 mmol) and 2,6-lutidine (330 uL, 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 Buchner funnel and washed with cold hexane. 725.5 mg of a yellow solid were obtained (68 %
yield).

'"H NMR (300 MHz, DMSO-d°) § 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).

3C NMR (75 MHz, DMSO-d°%) & 154.90, 149.14, 138.82, 134.35, 133.67, 131.88, 130.13, 129.26, 127.62,
125.37,123.41.

Elemental analysis for C21H;sN3Os. Calc.: C 67.56; H 4.05; N 11.25. Found: C 67.82; H 4.19; N 10.90.

4.12.10. Synthesis of of 2,9-bis((£)-2-nitrostyryl)-1,10-phenanthroline

(@]
I ACZO
+ B —
reflux
NO,

The procedure was adapted from a previous reported protocol.[s]

In a 25 mL Schlenk flask o-nitrobenzaldehyde (1.43 g, 9.46 mmol) and neocuproine (593.5 mg, 2.85
mmol) were dissolved in 2 mL of acetic anhydride. After 30 min of reflux a yellow solid precipitate. It was

filtered through a Buchner funnel and washed with cold hexane. 1.07 g of a yellow solid were obtained (79
% yield).

Owing to the insolubility in DMSO, it was not possible to register NMR spectra. However, the purity was
confirmed by the CHN analysis.

Elemental analysis for C2sH1gN4Os. Calc.: C 70.88; H 3.82; N 11.81. Found: C 71.03; H 3.91; N 11.64.
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4.12.11. Synthesis of (E)-ethyl 3-(2-nitrophenyl)acrylate (2-nitrocinnamate ethyl ester)

NH, t-BuONO, Pd(OAc),, MeSOsH, anisole X -COOEt
CL - o O
NO, MeOH, r.t. NO

2

The procedure was adapted from a previous reported protocol.[73

2-Nitroaniline (552.5 mg, 4 mmol) was dissolved in 20 mL of methanol. Then, -BuONO (600 uL, 5
mmol) was added. The reaction mixture was maintained under stirring for 30 minutes at 0 °C. Afterwards, a
solution of ethyl acrylate (800 pL, 8.8 mmol) and Pd(OAc), (20 mg, 8.9-102 mmol) in 16 mL of methanol
and a solution of MeSOsH (52uL, 0.8 mmol) in methanol (8 mL) were added to the previous one. During all
the additions the reaction vessel was maintained at 0 °C with an ice/water bath. At the end, anisole (217 uL,
2 mmol) was added and the reaction maintained under stirring at room temperature for 3 days. A TLC
(hexane:AcOEt = 8:2) showed the disappearance of the 2-nitroaniline. The reaction mixture was poured into
30 mL of satured solution of NaHCOs in water. A solid was formed. It was extracted with CH,Cl, (3x60
mL). Organic layers were washed with brine, dried over Na,SOy, filtered and the solvent removed. A yellow
oil was formed. The latter was purified through a silica filtration using hexane:AcOEt = 9:1 as the eluent. A

yellow solid was obtained (760 mg, 86 % yield).

'"H NMR (400 MHz, CDCls) & 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, J= 15.8 Hz, 1H), 4.18 (q, J= 7.1 Hz, 2H), 1.25 (t, J= 7.1 Hz, 3H).

BC NMR (101 MHz, CDCls) 8 165.63, 148.22, 139.62, 133.53, 130.30, 129.01, 124.74, 123.15, 60.75.
Elemental analysis for C11H11NOs. Calc.: C 59.73; H 5.01; N 6.33. Found: C 59.85; H 5.09; N 6.40.

Synthesis of (E)-methyl 3-(4-methyl-2-nitrophenyl)acrylate

Nz £-BUONO, Pd(OAC),, MeSOH, anisole . COOMe
+ 2 COOEt -
Me NO, MeOH, r.t. Me NO

2

The procedure was adapted from a previous reported protocol.[7>?

4-Methyl-2-nitroaniline (604.6 mg, 4 mmol) was dissolved in 20 mL of methanol. Then, ~-BuONO (600
pul, 5 mmol) was added. The reaction mixture was maintained under stirring for 30 minutes at 0 °C.
Afterwards, a solution of ethyl acrylate (800 uL, 8.8 mmol) and Pd(OAc), (20 mg, 8.9-102 mmol) in 16 mL
of methanol and a solution of MeSOsH (52pL, 0.8 mmol) in methanol (8 mL) were added to the previous
one. During all the additions the reaction vessel was maintained at 0 °C with an ice/water bath. At the end,
anisole (217 pL, 2 mmol) was added and the reaction maintained under stirring at room temperature for 3
days. A TLC (hexane:AcOEt = 8:2) showed the disappearance of the starting material and two spots very

close to each other. In order to convert the ethyl ester into the methyl one, the reaction solvent was removed
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and the so obtained solid was dissolved into 20 mL of methanol. 3 drops of concentrated sulfuric acid were
added and the mixture was reflux for 10 h. A TLC (hexane:AcOEt = 8:2) showed the presence of only one
spot. A filtration over silica (hexane:AcOEt = 7:3 as the eluent) afforded the methyl ester as a yellowish solid
(80 % yield).

'H NMR (600 MHz, CDCl;) & 8.07 (d, J = 15.8 Hz, 1H), 7.82 (s, 1H), 7.52 (d, J = 8.0 Hz, 1H), 7.44 (d, J =
7.9 Hz, 1H), 6.33 (d, J = 15.8 Hz, 1H), 3.81 (s, 3H), 2.46 (s, 3H).

BC NMR (151 MHz, CDCls) & 166.34, 148.34, 141.38, 139.94, 134.18, 128.78, 127.57, 125.18, 122.07,
51.90, 21.07.

Elemental analysis for C;1H;1NOs. Calc.: C 59.73; H 5.01; N 6.33. Found: C 59.78; H 5.23; N 6.33.

4.12.12. Synthesis of (E)-methyl 3-(4-bromo-2-nitrophenyl)acrylate

NH, t-BuONO, Pd(OAc),, MeSO3H, anisole X COOMe
L+ oo O
Br NO, MeOH, r.t. Br NO

2

The procedure was adapted from a previous reported protocol.[73

The reaction was performed under dinitrogen atmosphere. 4-Bromo-2-nitroaniline (868.1 mg, 4 mmol)
was dissolved in 20 mL of methanol. Then, ~BuONO (1.2 mL, 10 mmol) was added. The reaction mixture
was maintained under stirring for 30 minutes at 0 °C. Afterwards, a solution of ethyl acrylate (800 uL, 8.8
mmol) and Pd(OAc), (40 mg, 1.8-10"" mmol) in 16 mL of methanol and a solution of MeSO;H (52uL, 0.8
mmol) in methanol (8 mL) were added to the previous one. During all the additions the reaction vessel was
maintained at 0 °C with an ice/water bath. At the end, anisole (217 pL, 2 mmol) was added and the reaction
maintained under stirring at room temperature for 10 days. A TLC (hexane:AcOEt = 8:2) showed the
disappearance of the starting material. A saturated solution of Na,CO; (30 mL) was added. A yellow solid
precipitated that was filtered through a Buchner funnel. The solid was washed with cold methanol affording
the product as a yellow solid (70 % yield). Owing to the presence of MeSOsH and methanol as solvent, the

product was obtained as methyl esters instead of ethyl one.

'H NMR (600 MHz, CDCl3) & 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, J = 8.4 Hz, 1H), 6.37 (d, J = 15.8 Hz, 1H), 3.83 (s, 3H).

BC NMR (151 MHz, CDCls) & 165.92, 148.59, 138.90, 136.55, 130.24, 129.37, 127.96, 123.76, 123.45,
52.06.

Elemental analysis for CioHsBrNOs. Calc.: C 41.98; H 2.82; N 4.90. Found: C 41.83; H 2.88; N 4.86.
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4.12.13. Synthesis of (E)-tert-butyl 3-(2-nitrophenyl)acrylate

O]

X _COOH Boc,O, DMAP S
©\/\/ Ot-Bu
NO THF, r.t.

2 NO,

\J

The procedure was adapted from a previously reported protocol.[¢]

The reaction was performed under a dinitrogen atmosphere. To a solution of 2-nitrocinnamic acid (500
mg, 2.59 mmol) in dry THF (13 mL), Boc,O (1.13 g, 5.18 mmol) and DMAP (4-dimethylaminopyridine; 95
mg, 0.78 mmol) were added. The reaction was maintained under stirring at RT for 72 h and then
concentrated. The residue was purified by column chromatography (hexane:AcOEt = 8:2 as the eluent)

affording a pale yellow solid (613 mg, 95 % yield).

'H NMR (400 MHz, CDCl;) & 8.07 — 7.99 (m, 2H), 7.65 (d, J = 4.2 Hz, 2H), 7.55 (td, J = 8.5, 4.1 Hz, 1H),
6.32 (d,J = 15.8 Hz, 1H), 1.56 (s, 9H).

BC NMR (75 MHz, CDCls) & 165.42, 148.75, 139.05, 133.77, 131.16, 130.41, 129.48, 125.70, 125.23,
81.56, 28.52.

Elemental analysis for Ci3H;sNOs. Calc.: C 62.64; H 6.07; N 5.62. Found: C 62.74; H 5.59; N 5.55.

4.12.14. Synthesis of (E)-3-nitro-4-styrylpyridine

4-Methyl-2-nitropyridine (589.6 mg, 6.22 mmol), benzaldehyde (634 puL, 6.22 mmol) and piperidine (307
pL, 3.11 mmol) were added to 10 mL of methanol. After 10 h of reflux a yellow solid precipitate. This was
filtered through a Biichner funnel and washed with cold methanol. 753.4 mg of solid were collected (54 %
yield).

'H NMR (300 MHz, DMSO-d°) 5 9.15 (s, 1H), 8.82 (d, /= 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).

3C NMR (75 MHz, DMSO-d%) & 154.01, 146.74, 144.65, 140.22, 138.27, 136.47, 130.41, 129.85, 128.46,
122.12, 121.34.

Elemental analysis for C;1H;oN20». Calc.: C 69.02; H 4.46; N 12.38. Found: C 68.76; H 4.49; N 12.34.
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4.12.15. Synthesis of (E)-3-(4-methoxyphenyl)-1-(2-nitrophenyl)prop-2-en-1-one

O 0]
. OA@\ NaOH _ —
. e U0

NO,

NO,
The procedure was adapted from a previous reported protocol.¥”]

The reaction was performed under air. o-Nitroacetophenone (1651.5 mg, 10 mmol) and 4-
methoxybenzaldehyde (1361.5 mg, 10 mmol) were mixed in water (15 mL). Then, 2 mL of a 6 % solution of
NaOH in water:ethanol (2:1 by volume) were added. A gentle heating was applied (30 °C) until a brown
precipitate appeared. This was filtered off and the product recrystallized from ethanol (1841 mg, 65 % yield).

'"H NMR (400 MHz, CDCL) & 8.19 (d, J = 8.2 Hz, 1H), 7.77 (t, J = 7.5 Hz, 1H), 7.66 (t, J = 7.8 Hz, 1H),
7.52 (d, J= 7.4 Hz, 1H), 7.47 (d, J = 8.5 Hz, 2H), 7.22 (d, J = 16.2 Hz, 1H), 6.95 — 6.86 (m, 3H), 3.85 (s,
3H).

B3C NMR (101 MHz, CDCl;) & 162.10, 146.37, 136.58, 133.93, 130.42, 128.86, 126.65, 124.53, 124.00,
114.50, 55.44. One quaternary carbon is not detected.

Elemental analysis for CisHi3NOs. Calc.: C 67.84; H 4.63; N 4.94. Found: C 67.80; H 4.55; N 4.90.

4.12.16. Synthesis of (E)-3-(2-nitrophenyl)-1-(piperidin-1-yl)prop-2-en-1-one
(0] O 0
x._COOH (COCI),, DMF (cat.) N
AN H AN
@(\/ > cd — N
NO, CH,LCl Py, THF
Step (A) NO; Step (B) NO,

A literature procedure was followed.[®®)

Step (A). The reaction was performed under dinitrogen atmosphere. In a 25 mL Schlenk flask, 2-
nitrocinnamic acid (1.162 g, 6 mmol) was suspended in 9 mL of CH,Cl,. Then, two drops of DMF were
added. Oxalyl chloride (1.03 mL, 12 mmol) was slowly added maintaining the flask at 0 °C in a water/ice
bath. After 5 minutes, the reaction mixture became clear and brown-colored. It was maintained under stirring
for 5 hours. Afterwards the solvent was removed affording a brown solid. This material was directly used for

the next step without further purifications.
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Step (B). The reaction was performed under dinitrogen atmosphere. In a 50 mL Schlenk flask a solution
of pyrrolidine (592 pL, 6 mmol) and pyridine (501 pL, 6.2 mmol) was prepared using 10 mL of THF. To the
flask containing the product prepared in Step A, 10 mL of THF were added. To this mixture, the
pyridine/pyrrolidine solution was added. After 24 h, the solvent was removed and a filtration through a small
pad of silica was performed using hexane:AcOEt = 8:2 as the eluant. A white solid was obtained (71 %

yield).

'H NMR (400 MHz, CDCL;) § 7.99 (d, J = 8.1 Hz, 1H), 7.86 (d, J = 15.5 Hz, 1H), 7.61 (d, J = 4.1 Hz, 2H),
7.56 —7.41 (m, 1H), 6.74 (d, J = 15.5 Hz, 1H), 3.61 (d, J = 18.1 Hz, 4H), 1.74 — 1.56 (m, 6H).

BC NMR (101 MHz, CDCls) & 164.65, 148.22, 136.53, 133.31, 131.88, 129.47, 129.24, 124.75, 123.73,
47.17,43.33, 26.62, 25.53, 24.49.

Elemental analysis for Ci4H;¢N2Os. Calc.: C 64.60; H 6.20; N 10.76. Found: C 64.80; H 6.38; N 10.63.

4.12.17. Synthesis of 2-(2.nitrophenyl)-3-)-(hetero)arylacrylonitriles
N N
Il 0 . Il R
| pyrrolidine
+ > N\
MeOH, rt. O
NO, R NO,
R = CI, Me, NEt,

N
| | A\ pyrrolidine | [\
+ O\ N N N
I\/I MeOH, r.t. \
e Me
N02 NOZ

The procedure was adapted from a previously reported protocol.®

\

2-Nitrophenylacetonitrile (750 mg, 4.63 mmol) and the desired benzaldehyde (4.63 mmol) were dissolved
into methanol (8 mL). Then, 760 pL of pyrrolidine were added and the reaction mixture maintained under
stirring at room temperature. After a few minutes (from 1 to 10 min depending from the aldehyde), the

desired product precipitates and collected through filtration.

(£)-2-(2-nitrophenyl)-3-(p-tolyl)acrylonitrile

N
Il
L,
NO,
Pale white solid, 91 % yield.
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'"H NMR (300 MHz, CDCl;) § 8.10 (d, J = 8.1 Hz, 1H), 7.79 (d, J = 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).

BC NMR (75 MHz, CDCls) & 148.30, 146.70, 142.39, 134.12, 132.25, 131.60, 130.72, 130.53, 130.18,
129.80, 125.69, 117.10, 107.47, 22.03.

Elemental analysis for Ci¢H2N20». Calc.: C 72.72; H 4.58; N 10.60. Found: C 72.48; H 4.68; N 10.63.

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

N

Il Cl
CO :

NO,

Pale white solid, 79 % yield.

'"H NMR (300 MHz, CDCls) & 8.13 (d, J = 8.0 Hz, 1H), 7.82 (d, J = 8.6 Hz, 2H), 7.73 (t, J= 7.5 Hz, 1H),
7.62 (t,J= 7.2 Hz, 1H), 7.55 (d, J = 6.6 Hz, 1H), 7.46 (d, J = 8.6 Hz, 2H), 7.13 (s, 1H).

BC NMR (75 MHz, CDCls) & 145.07, 137.66, 134.32, 132.19, 131.81, 131.15, 130.94, 130.90, 129.79,
125.80, 116.62, 109.56. One quaternary carbon is not detected.

Elemental analysis for C1sHyCIN2O». Calc.: C 63.28; H 3.19; N 9.84. Found: C 63.06; H 3.20; N 9.85.

(2)-3-(4-(diethylamino)phenyl)-2-(2-nitrophenyl)acrylonitrile

N
O )
NO,

Red solid, 86 % yield.

'H NMR (300 MHz, CDCl3) § 7.99 (d, J = 8.8 Hz, 1H), 7.81 (d, J = 9.0 Hz, 2H), 7.64 (t, J = 7.5 Hz, 1H),
7.51 (m, 2H), 7.01 (s, 1H), 6.69 (d, J = 8.6 Hz, 2H), 3.43 (q, J = 7.1 Hz, 4H), 1.21 (t, J = 7.1 Hz, 6H).

BC NMR (75 MHz, CDCls) & 150.27, 148.51, 147.04, 133.66, 132.40, 132.26, 132.13, 129.53, 125.46,
120.66, 118.52, 111.52, 45.01, 12.95. One quaternary carbon is not detected.

Elemental analysis for Ci9oH;9N3O,. Calc.: C 71.01; H 5.96; N 13.08. Found: C 71.05; H 6.00; N 13.10.

Attention: this molecule tends to be oxidized quickly (in few days, the air exposed surface became brown).

Store under dinitrogen atmosphere and in the dark.
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(2)-3-(1-methyl-1H-pyrrol-2-yl)-2-(2-nitrophenyl)acrylonitrile

Yellow solid, 65 % 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 (g, 1H), 3.68 (s, 3H).

BC NMR (75 MHz, CDCl5) & 148.63, 133.59, 133.21, 131.91, 131.34, 129.78, 128.34, 128.17, 125.43,
117.95,115.55, 110.84, 99.87, 34.42.

Elemental analysis for Ci14H11N30,. Calc.: C 66.40; H 4.38; N 15.59. Found: C 66.72; H 4.18; N 15.44.

4.12.18. Synthesis of methyl 2-(2-nitrophenyl)acrylate
COOMe
@fcow MeOH ©\/\COOMe HCHO
_— _—
NO, H,SO,4 NO, BuyNI, K,CO,4
NO,

In a 100 mL Schlenk flsak, 2-(2-Nitrophenyl)acetic acid (2.53 g, 14 mmol) were dissolved in 50 mL of
methanol. 2 mL of concentrated sulfuric acid was dropwise added and the solution refluxed for 16 h. The
solvent was removed and the solid residue was added with water (30 mL) and the extracted with AcOEt
(3x30 mL). The organic layers were washed with a satured solution of NaHCO; (3x30mL) and brine (1x30
mL). The combined organic layers were dried over Na,SOs, filtered and the solvent removed affording a pale

yellow oil (95 % yield).

'H NMR (300 MHz, CDCL) § 8.12 (d, J = 7.8 Hz, 1H), 7.57-7.63 (m, 1H), 7.44-7.51 (m, 1H), 7.36 (d, J =
7.3 Hz, 1H), 4.03 (s, 2H), 3.72 (s, 3H).

For the olefination step, a reported procedure was followed.®

975 (5 mmol) mg of the previously obtained ester was dissolved in 5 mL of toluene. Then, paraformaldehyde
(420 mg, 14 mmol), BusNI (74 mg, 0.2 mmol) and potassium carbonate (2.07 g, 15 mmol) were added. The
mixture was heated to 80 °C for one day. At the end of the reaction, water (10 mL) was added and the
aqueous layer was extracted with toluene (3x10 mL). The combined organic layers were washed with brine
(10 mL) and dried over Na,SO4. The solvent was removed and the compound was isolated as a yellow oil

after column chromatography (silica gel, hexane:AcOEt = 9:1 as the eluent).

56



'"H NMR (300 MHz, CDCL) & 8.02 (d, J = 8.1 Hz, 1H), 7.60 (t, J = 7.5 Hz, 1H), 7.47 (t, J = 7.3 Hz, 1H),
7.35(d,J=7.0 Hz, 1H), 6.46 (s, 1H), 5.83 (s, 1H), 3.64 (s, 3H).

BC NMR (75 MHz, CDCls) & 165.61, 148.20, 140.15, 134.18, 133.17, 132.55, 129.82, 127.87, 124.83,
52.51.
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4.13. Indoles and other heterocycles

Methyl 1H-indole-2-carboxylate
)
I
N Oo—
H

Obtained as a white solid after column chromatography (hexane:CH>Cl, = 7:3 + 1 % Et:N); 95 % yield.

'"H NMR (300 MHz, CDCls) § 8.98 (br, 1H), 7.70 (d, J= 8.1 Hz, 1H), 7.43 (d, J= 8.3 Hz, 1H), 7.33 (t,J =
7.6 Hz, 1H), 7.25 (d, J= 8.2 Hz, 1H), 7.16 (t, J = 7.5 Hz, 1H), 3.96 (s, 3H).

BC NMR (75 MHz, CDCl5) 8 162.85, 137.27, 127.90, 127.53, 125.79, 123.04, 121.24, 112.26, 109.21,
52.40.

Elemental analysis for Ci0HoNO,. Calc.: C 68.56; H 5.18; N 8.00. Found: C 68.50; H 5.23; N 8.01.

t-Butyl-1H-indole-2-carboxylate
0
DR :
N 0]
H

Obtained as a white solid after column chromatography (hexane:AcOEt = 1:1 + 1 % Et:N); 87 % yield.

'H NMR (300 MHz, CDCls) & 8.95 (s, 1H), 7.68 (d, J = 8.9 Hz, 1H), 7.42 (d, J= 8.3 Hz, 1H), 7.31 (t, J= 7.6
Hz, 1H), 7.19 - 7.11 (m, 2H).

BC NMR (75 MHz, CDCl5) 8 161.75, 137.00, 129.38, 127.97, 125.43, 122.86, 121.02, 112.16, 108.49,
82.17, 28.73.

Elemental analysis for Ci;3sHsNO,. Calc.: C 71.87; H 6.96; N 6.45. Found: C 71.71; H 6.95; N 6.70.

Ethyl 1H-indole-2-carboxylate
O
DR
N
N9\
Obtained as a white solid after column chromatography (hexane:CH>Cl, = 3:7 + 1 % Et:N); 92 % yield.
"H NMR (400 MHz, CDCls) 8 8.90 (br, 1H), 7.70 (dd, J= 8.1, 0.9 Hz, 1H), 7.43 (dd, J = 7.9, 1.4 Hz, 1H),

7.33 (ddd, J=8.3,7.0, 1.1 Hz, 1H), 7.24 (dd, J=2.1, 1.0 Hz, 1H), 7.16 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 4.42
(q,J=7.1 Hz, 1H), 1.42 (t,J=7.1 Hz, 1H).

BC NMR (101 MHz, CDCls) 8 161.99, 136.79, 127.52, 125.34, 122.60, 120.79, 111.82, 108.63, 61.01,
14.40.
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Elemental analysis for C;1H;;NO:. Calc.: C 69.83; H 5.86; N 7.40. Found: C 69.67; H 5.80; N 7.40.

Methyl 6-methyl-1H-indole-2-carboxylate

mCOOMe
Me N

H

Obtained as a white solid after column chromatography (hexane:CH>Cl, = 3:7 + 1 % Et;N); 96 % yield.

'H NMR (600 MHz, CDCl3) & 8.79 (br, 1H), 7.57 (d,J = 8.2 Hz, 1H), 7.19 (d, J = 11.6 Hz, 2H), 7.00 (d, J =
8.2 Hz, 1H), 3.94 (s, 3H), 2.47 (s, 3H).

BC NMR (151 MHz, CDCls)  162.48, 137.41, 135.71, 126.57, 125.42, 122.99, 122.22, 111.47, 108.82,
51.86, 21.94.

Elemental analysis for C;1H;;NO:. Calc.: C 69.83; H 5.86; N 7.40. Found: C 69.67; H 5.80; N 7.40.

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

Obtained as a white solid after column chromatography (from hexane:CH>Cl, = 1:1 + 1 % Et;N to

hexane:CH>Cl, = 2:8 + 1 % Et:N); 73 % yield.

'"H NMR (400 MHz, CDCls) 8 9.24 (s, 1H), 7.67 (d, J = 8.0 Hz, 1H), 7.45 (d, J = 8.9 Hz, 1H), 7.36 — 7.24

(m, 1H, overlapping with CHCIls), 7.15 (t, /= 7.5 Hz, 1H), 6.79 (s, 1H), 3.87 (s, 4H), 1.93 — 1.57 (m, 6H).
Elemental analysis for Ci4H;¢N2O. Calc.: C 73.66; H 7.06; N 12.27. Found: C 73.76;, H 7.20; N 12.01.

2-Phenyl-6-azaindole

TN
N/N
H

Obtained as a white solid after column chromatography (AcOEt + 2 % Et:N + 1 % MeOH); 91 % yield.

'"H NMR (400 MHz, CDCl3) § 10.27 (s, 1H), 8.96 (s, 1H), 8.27 (d, J= 5.5 Hz, 1H), 7.82 (d, J= 7.3 Hz, 2H),
7.63 —7.36 (m, 4H), 6.85 (s, 1H).

BCNMR (101 MHz, CDCls) & 142.41, 138.83, 134.29, 134.14, 133.81, 129.17, 128.85, 126.04, 115.08,
98.91.
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Elemental analysis for Ci3H;oNz. Calc.: C 80.39; H 5.19; N 14.42. Found: C 80.29; H 4.98; N 14.23.
Methyl 6-bromo-1H-indole-2-carboxylate

mCOOMe
Br N

H

Obtained as a white solid after column chromatography (hexane:CH>Cl, = 4:6 + 1 % Et;:N); 90 % yield.
Elemental analysis for CioHsBrNO,. Calc.: C 47.27; H 3.17; N 5.51. Found: C 47.64; H 3.32; N 5.44

'H NMR (600 MHz, CDCl;) & 8.86 (br s, 1H), 7.59 (s, 1H), 7.55 (d, J = 8.6 Hz, 1H), 7.27 (d J = 8.6 Hz, 1H),
7.18 (s, 1H), 3.95 (s, 3H).

BC NMR (151 MHz, CDCls) § 162.01, 137.38, 127.78, 126.33, 124.50, 123.84, 119.23, 114.73, 108.79,
52.11.

2-(pyridin-2-yl)-1H-indole

‘W

\
N N

H
Obtained as a white solid after column chromatography (hexane:CH>Cl, = 7:3 + 1 % Et;N); 98 % yield.

"H NMR (300 MHz, CDCl3) & 9.75 (br, 1H), 8.58 (d, J = 4.6 Hz, 1H), 7.82 (d, J = 8.0 Hz, 1H), 7.73 (td, J =
7.8, 1.7 Hz, 1H), 7.66 (d, J = 7.9 Hz, 1H), 7.42 (d, J = 8.2 Hz, 1H), 7.26-7.16 (m, 2H, overlapping with
CDCl), 7.12 (t,J="1.5 Hz, 1H), 7.04 (d, /= 1.1 Hz, 1H).

BC NMR (75 MHz, CDCls) & 150.53, 149.04, 137.36, 137.07, 136.61, 129.43, 123.77, 122.39, 121.34,
120.62,120.41, 111.88, 101.38.

Elemental analysis for Ci3H;oN. Calc.: C 80.39; H 5.19; N 14.42. Found: C 80.19; H 5.23; N 14.35.

2-phenyl-1H-indole

Ir= /E

Obtained as a white solid after column chromatography (hexane:CH>Cl, = 7:3 + 1 % Et;N); 90 % yield.
Elemental analysis for Ci4HiN. Calc.: C 87.01; H 5.74; N 7.25. Found: C 86.85; H 5.80; N 7.30.

'H NMR (300 MHz, CDCls) & 8.33 (br, 1H), 7.73 — 7.64 (m, 3H), 7.53 — 7.40 (m, 4H), 7.36 (t, J = 7.3 Hz,
1H), 7.25 (dd, J= 134, 5.3 Hz, 1H), 7.18 (t, J = 7.4 Hz, 1H), 6.87 (s, 1H).
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BC NMR (75 MHz, CDCls) & 138.31, 137.26, 132.80, 129.71, 129.44, 128.14, 125.59, 122.79, 121.10,
120.71, 111.33, 100.43.

6-methyl-2-phenyl-1H-indole

H
Obtained as a white solid after column chromatography (hexane:AcOEt = 85:15 + 1 % Et:N); 79 % yield.

'"H NMR (300 MHz, CDCls) § 8.19 (s, 1H), 7.65 (d, J= 7.3 Hz, 2H), 7.51 (d, J= 8.1 Hz, 1H), 7.44 (t, J= 7.6
Hz, 2H), 7.31 (t, J = 7.4 Hz, 1H), 7.20 (s, 1H), 6.96 (d, J = 8.0 Hz, 1H), 6.78 (s, 1H), 2.48 (s, 3H).

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

Obtained as a white solid after column chromatography (hexane:AcOEt = 7:3 + 1 % Et:N); 79 % yield.

'"H NMR (300 MHz, CDCls) 8 9.40 (s, 1H), 8.01 (d, J= 7.0 Hz, 2H), 7.73 (d, J= 8.1 Hz, 1H), 7.63 (t, J= 7.3
Hz, 1H), 7.59 — 7.45 (m, 3H), 7.39 (t, J = 7.6 Hz, 1H), 7.22 — 7.13 (m, 2H).

BC NMR (75 MHz, CDCl;) & 187.56, 138.41, 137.92, 134.76, 132.74, 129.61, 128.87, 128.17, 126.93,
123.64, 121.45, 113.15, 112.56.

Elemental analysis for CisH;1NO. Calc.: C 81.43; H 5.01; N 6.33. Found: C 81.60; H 5.11; N 6.30.

1H-indole-2-carbaldehyde

Ir= /i
Yo

Obtained as a white solid after column chromatography (hexane:CH>Cl, = 4:6 + 1 % Et;N); 50 % yield.
Elemental analysis for CoH7NO. Calc.: C 74.47; H 4.86; N 9.65. Found: C 74.30; H 4.55; N 9.60.

'H NMR (400 MHz, CDCL) § 9.87 (s, 1H), 9.75 (s, 1H), 7.76 (d, J = 8.1 Hz, 1H), 7.51 (d, J = 8.4 Hz, 1H),
7.40 (dd, J = 13.7, 5.6 Hz, 1H), 7.30 (s, 1H), 7.19 (t, J= 7.5 Hz, 1H).

BCNMR (101 MHz, CDCls) & 182.41, 138.37, 135.99, 127.39, 127.33, 123.42, 121.25, 115.24, 112.70.

2-(4-chlorophenyl)-1H-indole-3-carbonitrile
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Obtained as a white solid after column chromatography (hexane:CH>Cl, = 7:3 + 1 % Et;N); 94 % yield.
Elemental analysis for CisHoCIN,. Calc.: C 71.29; H 3.59; N 11.09. Found: C 71.29; H 3.62; N 10.97.

'"H NMR (600 MHz, DMSO-d®) § 12.65 (s, 1H), 8.00 (d, J = 8.6 Hz, 2H), 7.72 (d, J = 8.6 Hz, 2H), 7.66 (d, J
= 7.9 Hz, 1H), 7.57 (d, J= 8.1 Hz, 1H), 7.34 (t, J= 8.1 Hz, 1H), 7.28 (t, J = 7.4 Hz, 1H).

3C NMR (151 MHz, DMSO-d%) § 143.83, 136.07, 135.11, 129.90, 129.16, 128.69, 124.62, 122.64, 118.92,
117.21, 113.18, 82.28.

2-(4-(diethylamino)phenyl)-1H-indole-3-carbonitrile

Obtained as a white solid after column chromatography (hexane:CH>Cl, = 8:2 + 1 % Et:N); 95 % yield.
Elemental analysis for CisHyCIN,. Calc.: C 78.86; H 6.62; N 14.52. Found: C 78.87; H 6.60; N 14.50.

'"H NMR (400 MHz, DMSO-d°) § 7.84 (d, J= 9.0 Hz, 2H), 7.54 (d, J= 7.0 Hz, 1H), 7.47 (d, J= 7.4 Hz, 1H),
7.28 —7.15 (m, 2H), 6.85 (d, J = 9.1 Hz, 2H), 3.43 (q, J = 7.0 Hz, 4H), 1.14 (t, J = 7.0 Hz, 6H).

3C NMR (101 MHz, DMSO-d%) § 148.94, 146.56, 135.74, 129.16, 128.51, 123.40, 121.99, 118.22, 118.10,
115.74,112.47, 111.80, 78.78, 44.15, 12.89.

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

CN

A\ /|
N N

H /

Obtained as a white solid after column chromatography (hexane:CH>Cl, = 4:6 + 1 % Et;:N); 51 % yield.

'"H NMR (400 MHz, CDCl3) & 8.53 (s, 1H), 7.79 — 7.72 (m, 1H), 7.46 — 7.41 (m, 1H), 7.36 — 7.27 (m, 2H),
6.90 — 6.84 (m, 1H), 6.58 (dd, J = 3.8, 1.7 Hz, 1H), 6.31 — 6.24 (m, 1H), 3.86 (s, 3H).
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BC NMR (101 MHz, CDCls) & 137.95, 134.67, 128.45, 126.63, 124.22, 122.82, 122.42, 119.39, 116.68,
112.45,111.49, 109.21, 85.26, 35.65.

Elemental analysis for Ci4H;iNs. Calc.: C 76.00; H 5.01; N 18.99. Found: C 76.25; H 5.5.13; N 18.70.

2-(p-tolyl)-1H-indole-3-carbonitrile

Obtained as a white solid after column chromatography (hexane:CH>Cl, = 7:3 + 1 % Et:N); 95 % yield.
Elemental analysis for CisH12N». Calc.: C 82.73; H 5.21; N 12.06. Found: C 82.38; H 5.23; N 11.72.

'"H NMR (400 MHz, DMSO-d%) & 12.52 (br, 1H), 7.89 (d, J = 8.1 Hz, 2H), 7.63 (d, J = 7.6 Hz, 1H), 7.55 (d,
J=8.0 Hz, 1H), 7.44 (d, J= 8.0 Hz, 2H), 7.28 (dt, J = 22.4, 7.1 Hz, 2H), 2.41 (s, 3H).

3C NMR (101 MHz, DMSO-d%) § 145.38, 140.34, 135.92, 130.32, 128.79, 127.29, 127.04, 124.23, 122.42,
118.71, 117.56, 113.02, 81.37, 21.41.

2-phenyl-6-(trifluoromethyl)-1H-indole

DA,
FiC

Obtained as a white solid after column chromatography (hexane:CH>Cl, =8:2 + 1 % Et;N); 98 % yield.

Ir=

Elemental analysis for CisH;oFsN. Calc.: C 68.96; H 3.86; N 5.36. Found: C 68.70; H 3.66; N 5.15.

'H NMR (600 MHz, CDCl3) 8 8.55 (brs, 1H), 7.71-7.68 (m, 4H), 7.48 (t, J = 7.7 Hz, 2H), 7.40-7.36 (m, 2H), 6.88 (d, J
= 1.7 Hz, 1H).

BC NMR (151 MHz, CDCls) & 140.57, 135.58, 131.60, 129.22, 128.50, 125.44, 125.22, 120.92, 117.03, 108.39,
100.06.

19F NMR (282 MHz, CDCl3) & -60.96 (s).

2-(2-chlorophenyl)-1H-indole
Cl

Ir=z /E

Obtained as a white solid after column chromatography (hexane:CH>Cl, =7:3 + 1 % Et;N); 69 % yield.
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Elemental analysis for Ci4H;oCIN. Calc.: C 73.85; H 4.43; N 6.15. Found: C 73.50; H 4.66; N 6.01.

'"H NMR (300 MHz, CDCL3) 8 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).

BC NMR (75 MHz, CDCl;) § 136.82, 135.51, 131.77, 131.62, 131.24, 131.13, 129.23, 128.60, 127.67,
123.10, 121.22, 120.63, 111.48, 104.00.

6-chloro-2-(4-chlorophenyl)-1H-indole

Cl N

H

Obtained as a white solid after column chromatography (hexane:CH>Cl, =7:3 + 1 % EtsN); 92 % yield.
Elemental analysis for Ci4H;oCIN. Calc.: C 64.15; H 3.46; N 5.34. Found: C 64.50; H 3.66; N 5.15.

'H NMR (400 MHz, CDCLs) & 8.28 (br, 1H), 7.63 — 7.52 (m, 3H), 7.48 — 7.36 (m, 3H), 7.12 (d, J = 8.4 Hz,
1H), 6.79 (s, 1H).

BC NMR (101 MHz, CDCl;) & 137.43, 137.19, 133.78, 130.42, 129.31, 128.37, 127.73, 126.31, 121.56,
121.25,110.88, 100.42.

2,6-di(1H-indol-2-yl)pyridine

Obtained as a white solid after column chromatography (hexane:CH>Cl, =7:3 + 1 % Et:N); 78 % yield.
Elemental analysis for C,1H;sNs. Calc.: C 81.55; H 4.89; N 13.58. Found: C 81.75; H 4.83; N 13.34.

'"H NMR (300 MHz, DMSO-d%)  11.71 (s, 1H), 7.88 (t, 2H), 7.61 (dd, J = 17.9, 8.0 Hz, 4H), 7.28 (d, J= 1.2
Hz, 2H), 7.25 — 7.18 (m, 2H), 7.07 (t, J = 7.1 Hz, 2H).

3C NMR (75 MHz, DMSO-d°) § 150.31, 138.68, 137.87, 137.62, 129.53, 123.61, 121.77, 120.48, 118.70,
112.42, 101.67.

64



Methyl 1H-indole-3-carboxylate

COOMe

A\

N
H

Obtained as a white solid after column chromatography (hexane:CH>Cl, =8:2 + 1 % Et:N); 45 % yield.
Elemental analysis for C21H;sNs. Calc.: C 68.56; H 5.18; N 8.00. Found: C 68.75; H 5.03; N 8.24.

'"H NMR (400 MHz, CDCl;) § 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).

BC NMR (101 MHz, CDCl;) & 165.64, 136.06, 130.97, 125.78, 123.23, 122.06, 121.53, 111.47, 108.85,
51.07.

2-(4-methoxyphenyl)quinolin-4(1H)-one

o

I N
H
o~
After the catalytic reaction, a white solid precipitate from the mixture. It was filtered through Biichner

funnel, washed with cold acetonitrile and dried under vacuum. 67 % yield.
Elemental analysis for CisHi3NO,. Calc.: C 76.48; H 5.21; N 5.57. Found: C 76.28; H 4.96; N 5.51.

'H NMR (600 MHz, DMSO-d%) & 11.57 (s, 1H), 8.09 (d, J= 8.0 Hz, 1H), 7.81 (d, J = 8.7 Hz, 2H), 7.77 (d, J
= 8.3 Hz, 1H), 7.66 (t,J = 7.3 Hz, 1H), 7.32 (t, J = 7.5 Hz, 1H), 7.15 (d, J = 8.7 Hz, 2H), 6.31 (s, 1H), 3.86
(s, 3H).

3C NMR (151 MHz, DMSO-d%) § 177.32, 161.55, 150.12, 140.98, 132.10, 129.31, 126.75, 125.30, 125.16,
123.53,119.07, 114.88, 106.99, 55.93.
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Chapter I11

Co and Fe Doped-Carbon-Based
Heterogeneous Catalysts for the Selective
Hydrogenation of Nitroaromatics

1. Background

As previously mentioned in Chapter I, the reduction of nitrobenzene to aniline is an industrially-relevant
transformation. In 2004, the production capacity worldwide for aniline reached 3.4-10° t-y! and market
analysis estimates a production of 5.6-10° t in 2017. Aniline is one of the most important organic chemicals.
It is directly used for the synthesis of cyclohexylamine, benzoquinone, acetanilide and secondary or tertiary

anilines that in turn constitute platforms for a large variety of other functionalized molecules (Figure 1).

O/NHz

RI(Ar) ’

o L~
~ \ AN
H2NNH2

ZT

Figure 1. Chemical compounds directly produced from aniline.

Despite other manufacturing methods were developed during the years (for example starting from

chlorobenzene or phenol), hydrogenation of nitrobenzene is the most employed route.
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NO, (cat] NH,
@ +3H, ——— ©/ +2H,0 (AH =-443 kJ mol")

One of the oldest industrial manufacturing procedures for aniline is represented by the stoichiometric
reduction of nitrobenzene with metallic iron in aqueous hydrochloric acid. This process has survived for
decades since the obtained iron oxides as by products are valuable materials for the pigment industry.
Nevertheless, when the increasing demand for aniline has surpassed the market of the pigments, the
industrial production shifted from stoichiometric to catalytic processes. However, it is noteworthy that Bayer
AG still employs this process for the industrial production of aniline in two plants. During the last century
several heterogeneous catalytic systems have been developed by many chemical industries for the
hydrogenation of nitrobenzene.l!! They differ not only from the active metal, but also from the reaction
conditions under which it is employed (gas or liquid phase reactions) and the reactor configuration.
Unfortunately, each of these catalytic system is covered by industrial trade secret that generally do not allow

for an exhaustive description of it. Examples are summarized in Table 1.

Table 1. Industrial hydrogenation of nitrobenzene.!'?!

Reaction Aniline
Catalyst Company
conditions selectivity
Ni sulphides Bayer, Allied 300-475 °C >99 %
Cu, Mn, Fe ICI 300.475 °C >99 %
250.350 °C
Pd/ALLO; Bayer >99 %
7 bar
Cu/SiO; (Cr, Ba and Zn as BASF, Cynamide, 270-290 °C 99,
> ()
promoters) Lonza 5 bar
DuPont (Dow 90-200 °C
Pd-Pt/C (Fe as modifier) ] >99 %
Chemicals) 6 bar

These catalysts offer a good combination of activity and reusability (although in some cases reactivation
is required). Concerning selectivity, hydrogenation of nitrobenzene (or simply substituted nitro compounds)
does not pose significant problems since no other side reactions can occur (hydrodeamination and saturation
of the aryl ring only occur in the presence of special catalysts — e.g. Ru NPs — and/or under harsh conditions).
However, the situation is much more different for aromatic nitro compounds carrying reducible, labile or
poisoning-capable functional groups such as halogens, carbonyl compounds, carboxylic acid derivatives,
unsaturated hydrocarbons or heterocycles. Unfortunately, the majority of the catalysts reported in Table 1
(and even others such as Ni-Raney®, PtO, and Pd or Pt on various carbonaceous supports) do not have
acceptable selectivities towards functionalized nitro derivatives especially if the nitro moiety is present in

molecules with a high degree of functionalization (pharmaceuticals or natural-derived molecules). In Figure
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2 selected industrial real cases in which the hydrogenation of nitro group represented a selectivity issue are

depicted.
NO, NO, NO, NO,
=
= = COOH O\/ O%O/\/
O cl O
| N’OH

N02 N02 | \N’N N02
Cx e 15

IS /

Cl CN NC g’
OzN 77N
°

Figure 2

In order to produce selective catalysts for nitroaromatics hydrogenation, various solutions were developed.
One of the most employed includes the production of modified heterogeneous catalysts. For example, in
order to avoid hydrodehalogenation, Pt/C-based materials were modified with metallic salts (based on Pb, Bi,
Sn, Ge, Zn, Al or Ag) or in-situ modified with acids (e.g. inorganic phosphorus ones) or bases (morpholine).
Furthermore, Lindlar (Pd/CaCOs poisoned with Pb(OAc), and quinoline) and Lindlar-like catalysts were
found to be selective catalysts for the hydrogenation of nitro compounds carrying reducible functional
moieties such as multiple carbon-carbon bonds, carbonyl and cyano groups.”?! Nevertheless, apart from the
high cost and toxicity of both the main metal and the promoters, efficient separation and reutilization of these
kind of catalytic system is often complicated. A breakthrough in the field was made by Cormal®! and Quil¥
when they demonstrated for the first time that supported Au and Ag nanoparticles are competitive catalyst

for the chemoselective hydrogenation of nitro compounds, respectively.

Unfortunately, although activity can be generally correlated with surface area and metal site accessibility,
selectivity does not depend on a single and discrete factor. In fact, as outstandingly reviewed by H.-U.
Blaser,?® 31 selectivity in the hydrogenation of nitro compounds depends on a plethora of parameters such as
nature and distribution of the active metal, support, kind of metal-support interactions, support dopants,
additives, reaction medium and reaction conditions. Furthermore, since heat and transfer phenomena are
crucial issues in industrial-scale reactions, reactor configuration can affect selectivity for a given
transformation. Nonetheless, it is not possible to assign a hierarchical order among them, thus each case is in

principle different from another.

Most of the industrially relevant catalytic processes are nowadays based on expensive and rare late
transition metals such as Pd, Pt, Rh, Ir and Ru. The scarcity of these elements strongly dictates for the
development of efficient alternative metal-based catalysts. In this perspective, the design of catalytic systems
based of abundant and biocompatible metals is a mandatory goal. Among the various metals, Fe, Co, Cu,

Mn, Ni and Bi are ideal candidates that fully fit those requirements (Table 2).[ Although their abundance
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and relatively low price, the catalytic chemistry of Mn!® and Bil®/ is still in an emerging phase. However, as

pointed out by influent scientists in the field, they could become valuable alternatives to nobel metals along

with Fe, Co, Ni and Cu.

Table 2. Price, extraction amount and extraction country of the most important transition metals employed in catalysis.

Metal Main countries of extraction Price Average amount
[€-kg™] extracted
Re Chile, USA, Poland 9000 53 ty’!
Ru South Africa, Russia 2400 12 t-y!
Ir South Africa, Russia, Canada 17100 10 t-y!
Pd South Africa, USA, Canada, Russia 21133 208 t-y!
Pt South Africa, Colombia 34500 178 t-y’!
Rh South Africa, USA, Russia 18600 30 t-y!
Co Zambia, Finland, other African countries 28 55-10° ty!
Bi China, Vietnam, Mexico 23 1.4-10% t-y!
Ni Russia, Australia, Canada, France 16 23108 ty!
Cu Chile, Peru, USA 10 1.9-107 t-y!
Mn South Africa, Australia, China, Brazil 1.53 1.8:107 t-y!
Fe China, Australia, Brazil, India 0.16 2.3-10° ty!

As a matter of fact, these elements are among the most abundant metals in the Earth’ upper crust, thus being

readily accessible.l”” Consequently, it is clear how the disclose of active, selective and cheap catalytic

materials is still a challenging goal in synthetic chemistry.
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2. Transition-metal based heteroatom-doped carbon catalysts: general overview and

introduction to the presented work

Carbon-based materials are a widespread class of supports for many metals that play a central role in
heterogeneous catalysis. Their unique features such as microporose structure, chemical resistance, electrical
conductivity and presence of surface chemical groups make it a perfect material that can host metals, both in
forms of single atoms, nanoparticles or small clusters. Despite the aforementioned properties, suitable
structural modifications can lead to the generation of new kind of materials with altered chemical behavior.
Within this framework, by substituting some carbon atoms with other elements, it is possible to modify the

reactivity of the active metal center.

Heteroatom-doped carbonaceous composites are an emerging class of materials that attract interest in the
field of metal supported heterogeneous catalysts for both chemical synthesis® and energy-relevant

transformations.[®> ¢

I Indeed, doping graphene with heteroatoms such as N, B, P or S leads to radical
modification of both the support and the supported metal.'”! Therefore, it is possible to modify the activity
and adjust the selectivity of the final catalytic material towards the desired transformation. Among the
various dopant, nitrogen attracted most interest.l''! When nitrogen atoms are incorporated into graphene,
diverse bonding configurations can arise: the most frequent ones involve the presence of quaternary (or

graphitic) N, pyridinic N, pyrrolic N and pyridinic oxide N (Figure 3) in various relative proportions.

Pyridinic’N-oxides

Figure 3. Bonding configurations for N atoms in NGr.

Each of these configurations produce different local electronic behavior in the NGr with respect to the
pristine one. For example, spin density and charge distributions of the adjacent carbon atoms are deeply
influenced by the dopant thus creating active sites for the nucleation and growth of metal nanoparticles.
Intriguingly, small clusters (nanoclusters) or even single atoms can be effectively anchored on the doped
carbonaceous material. To some extent, it was possible to create metal complexes in which the metal is
embedded in the doped-carbon matrix. In addition, N doping is able to open the band gap between the
conduction and the valence band allowing for promising applications in semiconductors. Currently, there are

numerous methods appeared in the literature for the production of NGr: examples are chemical vapor
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deposition (CVD), solvothermal synthesis, arc discharge, thermal or plasma treatments. Each of the latter
methods presents advantages or disadvantages over the other. In addition, by using specific preparation
conditions, it is possible to tune the doping level (N %) and/or the doping structure providing specific N
configurations. Among the various methods, thermal treatment (pyrolysis) of N-containing molecules have
attracted the attention owing to their easy preparation. Moreover, if one properly combines NGr with
transition metals it is possible to paves the way for a huge number of applications such as in fuel cells,
transistors and semiconductors, batteries and especially catalysis. One of the simple approach to produce
such materials involves the pyrolysis (or in general the thermal treatment) of metal complexes using
appropriate N-ligands or metal complexes adsorbed on N-enriched molecules. Examples of these are
hexamethylenediamine, polypirrole, melamine, ammonia, porphyrins, cyanamide, carbon nitride, common
nitrogen ligands, triazine, urea and so on. Recently, metal-organic frameworks (MOFs) have emerged as
sacrificial templates in which the structure of the final material strictly depends on the initial construction of
the employed MOFs. Thus, by using different MOFs is possible to produce different N-doped carbon
materials. Applications of transition metals/N-doped graphene-based catalytic systems (TM/NGr) ranges
from oxygen reduction reactions (ORR), hydrogen evolving reactions (HER), photocatalysis, oxidation and

reduction reactions of organic substrates, C-C bond formation to many others.’ 1!

In 2013 and 2016, Beller and co-workers developed a series of carbon-based heterogencous catalysts
based on Fe,!'¥ Col'¥ and Ni.l'¥! The catalytic materials were prepared by pyrolysis under inert atmosphere
of molecular defined metal complexes between Co, Fe and Ni acetates and 1,10-phenanthroline (Phen) using

Vulcan® XC 72R as carbon support (Scheme 2).

[M(1,10-Phen), JJOAc;

Co, Ni: n=2
Fe: n=3

1. Vulcan XC-72 R
2. Pyrolysis

Scheme 2. Preparation of the catalytic materials.

Structural elucidations (XRD, XPS, TEM, EPR, BET) demonstrated that the obtained materials are formed
by nanocomposites exhibiting a core-shell structure that constitutes the structural prerequisite for catalytic
activity. In the case of Co and Ni-base catalysts (named Co-Co3O4/NGr@C and Ni-NiO/NGr@C,

respectively) an inner metallic core is sorrounded by an oxidic layer (Co3;O4 and NiO), whereas in the Fe
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congener (named Fe;Os/NGr@C) almost only an oxidic phase composed of Fe,Os is present. In both the
cases, the oxidic shell is decorated with layers (“flakes”) of nitrogen-doped graphene (NGr) derived from the
thermal decomposition of the ligated phen. Notably, the three catalysts exhibit a complete stability under air
preserving their activity for months. In Figure 4, STEM images of two catalysts are depicted and the NGr
layers highlighted by arrows. Control experiments (in all the three cases) demonstrated that the materials
prepared without any N-ligand do not show any catalytic activity. As the consequence, the presence of

nitrogen atoms in the carbon matrix is crucial for exert the catalytic activity.

Figure 4. STEM images (HAADF and BF) of Co304/NGr@C (A and B) and Fe:03/NGr@C (C and D). Enclose in the arrows,
the NGr layers are highlighted.

The three catalysts were firstly employed in the hydrogenation of aromatic nitro compounds. Excellent
chemoselectivities were achieved in the case of nitroaromatics substituted with reducible functional groups
such as multiple carbon-carbon bonds, nitriles, ketones, esters and halogens. Concerning the relative activity
in the same kind of reaction, Co-Co3;04/NGr@C was found to be the most active one followed by Ni-
NiO/NGr@C and Fe,O3/NGr@C. Furthermore, these catalysts were further successfully employed in other
catalytic transformations such as oxidations,'®! transfer hydrogenations,'” synthesis of amines by reductive

aminations!'® and others.!'!

However, in the case of nitro compounds hydrogenation, the reaction conditions were quite severe

(T>110 °C and up to 50 bar of H» pressure). In the first part of Project 2, we focused our efforts towards
123



decreasing temperature and pressure in order to conduct hydrogenations using non-noble-metal catalysts
under mild conditions. In particular, polar solvents and base addition were found to be the key-points that
allowed us to achieve our goal. In the second part of the Project 2, we demonstrated that Phen is not the sole
N-ligand able to generate active catalysts belonging to this family. In fact, by using Ar-BIANs and related a-
diimine complexes we prepared an array of Co-based catalysts active in the desired transformation. In
addition, aided by kinetic experiments, we discovered for the first time a correlation between the catalytic

activity and the N content/configuration in the final material.
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3. Fe203/NGr@C- and Co-Co0304/NGr@C-catalysed hydrogenation of nitroarenes under

mild conditions
3.1. Introduction

As previously mentioned, in the case of Fe;O3/NGr@C and Co-Co3;04/NGr@C catalysts, the original

reaction conditions involved high temperatures and pressures (Table 3).

Table 3. Original reaction conditions for the hydrogenation of nitrobenzene to aniline.

Catalyst Temperature H; pressure Catalyst loading
[°C] [bar] [mol %]
Fe; 03/ NGr@C!™! 120 50 4.5
Co0-Co;04/NGr@C"4 110 50 1

With the aim of decreasing the values of these two parameters, two different approaches were employed.
Concerning Co-Co304/NGr@C, we investigated the reaction outcome starting from target mild conditions
(upward approach): 0.5 mol % Co (5 mg), 70 °C, 20 bar H», 13 h. While in the case of Fe,Os/NGr@C, we
proceeded by employing the previously reported reaction conditions with a shortened reaction time

(downward approach): 4.5 mol % Fe (42 mg), 120 °C, 50 bar H,, 4 h.
3.2. Results and discussion

We commenced our study with testing various solvents employing the hydrogenation of nitrobenzene to
aniline as the benchmark reaction. As shown in Figure 5, the use of polar solvent mixtures results in an
increase of the conversion compared to apolar or low-polar ones. In particular, alcoholic solvents such as

ethanol or methanol give higher conversions.

1004 ¢ 7 7 P 100 A
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Il Conversion [777) PhNH, selectivity ‘ Il Conversion 7] PhNH, selectivity ‘

Figure 5. Influence of the solvent on conversion and selectivity for Co-Co304/NGr@C (left) and Fe:O3/NGr@C (right).
Reaction conditions are reported in the text (if stated, main solvent: H2O =20:1 by volume).

Furthermore, addition of water leads to improvement in almost every cases. Merely, with MeOH as solvent,
addition of water does not affect conversion or selectivity (Figure 5, right). Thus, EtOH-H,O and MeOH
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were chosen as solvents, which are in accordance with guidelines as green and sustainable choice for

chemical transformations.*”’ As shown in Tables S1 and S2, the catalysts prepared without Phen (CoxOy@C

and FeO,@C) do not exhibit any catalytic activity. Thus, the basicity provided by the NGr is crucial for the

activity. This evidence is in agreement with a heterolytic activation of the dihydrogen molecule in which the

As a consequence, an additional base present in

N present in the graphitic matrix can act as proton acceptor.

the liquid phase should enhance the catalytic activity. In order to confirm this assumption, we tested the

model reaction in the presence of a variety of inorganic and organic bases (1 equiv. with respect to PhNO»).

poor aniline selectivities were observed

£

although high conversions were achieved

For both the catalysts,

when inorganic bases (except for aq. NH3) were added to the reaction mixture. In this case, azobenzene and

azoxybenzene were identified as the major side products.

§\\\\\\\\\\\\\Am
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Na,CO,
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Figure 6. Influence of added inorganic bases on conversion and selectivity for Co-Co304/NGr@C (left) and Fe:O3/NGr@C

(right). Reaction conditions are stated in the text.

In fact, it is known that alcohols in combination with strong inorganic bases can act as reducing agent

211 On the contrary, when the catalytic

towards nitro compounds, giving rise to undesired coupling products

transformation was conducted in the presence of an organic base, higher conversions were achieved

compared to the reactions that was carried out without additives. Noteworthy, unwanted by-products did not

) (see Figure 7).

form and the selectivity towards aniline remained very good (> 95 %

>N
Il Conversion [ PhNH, selectivity ‘

Il Conversion [777) PhNH, sel. |

Figure 7. Influence of added organic base on conversion and selectivity for Co-Co304/NGr@C (a) and Fe2O3/NGr@C (b).

Reaction conditions are stated in the text.
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Among the tested bases, tricthylamine (Et;N) and 4-dimethylaminopyridine (DMAP) were found to be the
best additives for Co-Co;04/NGr@C and Fe.O:/NGr@C, respectively. However, DMAP is a toxic and
corrosive solid,'”” which makes the use of chromatographic separation methods for its removal from the
reaction mixture indispensable. Therefore, aqueous ammonia was chosen instead of DMAP since it is less
toxic and possesses a negligible environmental impact.”l Advantageously, ammonia is gaseous and thus
readily removed from the reaction mixture. Since bases and alcoholic solvents are known to act as transfer
hydrogenation agents, control experiments were carried out in order to rule out this reaction pathway (Tables
S1 and S2). As expected, no substrate conversion was detected in each case. Following our initial hypothesis,

acidic additives were also examined (Figure 8).
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Figure 8. Influence of added Lewis acids on conversion and selectivity for Co-C0304/NGr@C (a) and Fe:03/NGr@C (b).
Reaction conditions are stated in the text.

The results clearly indicate that addition of Lewis acids has a detrimental effect for the reaction outcomes.
For both the homogeneous materials the addition of metal triflates led to a marked decrease of catalyst
performances. This behavior can be attributed to the interaction of acidic additives with the basic N-sites in
the NGr that inhibit the catalytic activity. Next, we proceed to evaluate the optimum amount of base. We
conducted the reaction applying different equivalents of Et;N and NH; for Co-Co3O04/NGr@C and

Fe,Os/NGr@C, respectively. The results are summarized in Figure 9.
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Figure 9. EtsN and NH3 optimization for Co-Co304/NGr@C (a) and Fe203/NGr@C (b).
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Even small amounts of base (0.05 and 0.1 equiv. of EtsN and NH; for Co-Co3;04/NGr@C and
Fe,Os/NGr@C, respectively) is able to significantly accelerate the reaction. However, best conversions were
achieved with 1 equiv. of base with respect to the substrate. Using amounts of bases higher than 1 equiv. (for
Co0-Co304/NGr@C) or 1.5 equiv. (for Fe;O3/NGr@C), resulted in a slight decreasing of both conversion and
selectivity. In the presence of an optimal base amount, catalytic hydrogenations were conducted under mild

conditions (Table 4).

Table 4. Hydrogenation of nitrobenzene to aniline: reaching mild conditions.?

C0-C0,0,/NGr@C [Co]
or

©/Noz Fe,0,/NGr@C [Fe] ©/NH2

Entry Catalyst Temp. H; pressure  Time Conversion Selectivity

[°C] [bar] [h] [%]® [%]®

1 Co-Co3;04/NGr@C 70 20 13 85 >99

2 C0-Co304/NGr@C 70 20 18 95 >99

3 Co-Co3;04/NGr@C 70 20 20 >99 >99

4 Fe2O3/NGr@C 120 50 4 79 99

5 FesO3/NGr@C 90 30 20 65 >99

6 FesO3/NGr@C 90 30 24 86 >99

7 Fe;O3/NGr@C 90 30 28 >99 >99

* Reaction conditions for Co-Co;04/NGr@C: 0.5 mmol PhNO,, 0.5 mol % [Co] (5 mg), 2 mL EtOH + 100 pL H,O, 1 equiv. of Et;N; reaction
conditions for [Fe|: 0.5 mmol PhNO,, 4.5 mol % Fe,03/NGr@C (42 mg), 3 mL MeOH, 1 equiv. of NH3; b Conversions and selectivities were
determined by GC using n-hexadecane as internal standard.

In the case of Co-Co304/NGr@C, a prolonged reaction time allowed for complete conversion at 70 °C and
20 bar (Table 4, entry 3), whereas with FexO3/NGr@C 90 °C and 30 bar of hydrogen pressure were required.
Nevertheless, to the best of our knowledge this latter example represents the first Fe-catalysed hydrogenation

of nitroarenes at such low temperature and pressure values.

The recyclability of the employed catalysts was then explored (Figure 10). In the case of the Co catalyst,
a slight decreasing of the conversion was detected in the third run whereas for Fe after an initial decreasing

after the first run, the activity stayed almost constant.
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Figure 10. Recycling experiments for Co-C0304/NGr@C (a) and Fe203/NGr@C (b). Reaction conditions are reported in
Table 4, entries 3 and 7.
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ICP analysis of the liquid phase after each run reveales no metal leaching for both the catalysts (detection
limit <0.5 ppm). In addition, CHN analysis of the catalysts after the last recycle did not evidence significant
perturbation in the composition of both the materials (compare Table S5 and S6 with Table S7).
Furthermore, Maitlis’ hot filtration test ruled out any catalytic activity provided by soluble Co or Fe metal
species (see Table S8). The latter findings clearly demonstrated that the two employed catalysts are

inherently heterogeneous.

To evaluate the scope of the new catalytic protocol, we tested various substituted aromatic nitro

compounds bearing reducing-labile functional groups (Scheme 3).
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Scheme 3. Co-Co0304/NGr@C- and Fe:03/NGr@C-catalysed hydrogenation of substituted nitro compounds: reaction scope.
Reaction conditions for [Co]: 0.5 mol % Co (5 mg), 0.5 mmol ArNO,, 70 °C, 20 bar H,, 1 equiv. Et;N, 2 mL EtOH + 100 pL H,O. Reaction
conditions for [Fe]: 4.5 mol % Fe (42 mg), 0.5 mmol ArNO,, 90 °C, 30 bar H,, 1 equiv. aqueous NH3, 3 mL MeOH. Yields were calculated by GC
analysis (calibration curve, n-hexadecane as internal standard) using commercially available anilines. In all cases, complete conversions were
observed. b) Reaction carried out without Et;N. ¢) 1 mol % Co was used. d) 6 mol % Fe was used.

Substrates carrying halogen atoms are smoothly converted to the corresponding anilines (2a and 2b) without
any dehalogenation. Furthermore, both the catalysts tolerate C=C double bonds (2¢), nitriles (2d), carbonyl
(2e), esters (2n) and amides (2i). In the case of 2n, a reaction carried out with the addition of Et;N produces
mono- and di-ethyl esters from the methyl congener by base-mediate transesterification after 20 h (conv. >
99 %) (Figures S9 and S10). The ratio between the two compounds was around 2:1 in favor of the
diethylated product. In order to avoid this side-reaction, Co-catalysed hydrogenation of 2n was run in the
absence of any base. As expected, no transesterification product was detected and thus an excellent yield of

the desired aniline derivative was achieved. Sterically demanding substrates such as 2-nitrobiphenyl (1j) and
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2,4,6-tri-t-butylnitrobenzene (1m) were hydrogenated upon applying a prolonged reaction time without

affecting the selectivity and hence the corresponding yield.
Based on the presented results we conclude that:
1) a correlation between higher solvent polarity and higher conversion is present;
2) basic additives are able to increase the catalytic activity;
3) acid additives are detrimental for the conversion.

On the basis of these outcomes it is clear that the reaction needs a basic and polar environment. These
observations support our working hypothesis that the dihydrogen molecule is activated by heterolytic
cleavage. This assumption is in agreement with observations made by Sanchez-Delgado and co-workers for
Ru and Rh NPs supported on MgO.!*) In this process the dihydrogen molecule is formally cleaved into a
hydride and a proton.”* The hydride atom is bound to the metal-based NP whereas the proton is attached to
the basic N atoms in close proximity to the NP or by the basic additive present in the liquid phase. In order
to further understand this heterolytic activation mechanism, we decided to hydrogenate non-polar 1-decene.
In principle, this terminal olefin is less prone to heterolytic hydrogenation compared to nitrobenzene.
Accordingly, Co-based catalysts prepared with and without Phen, do not show any difference in the
hydrogenation of 1-decene (Table 5, entries 1 and 2). Moreover, addition of basic promoters does not affect

the rate of the reaction (Table 5, entries 3 and 4). Applying Fe-based catalyst a similar trend was observed.

Table 5. Hydrogenation of 1-decene.?

80 °C, 50 bar Hy, 13 h

TN T Eon S
Entry Catalyst Additive Conversion
(1 equiv.) [Y%]"
1 Co0y,@C - 9
2 Co0-Co304/NGr@C - 9
3 CoxOy@C Et;N 11
4 Co-Co3;04/NGr@C Et;N 11
5 Fe:O,@C - 11
6 Fe,O3/NGr@C - 16
7 Fe.O,@C NH; 12
8 F6203/N GI’@C NH3 19

* Reaction conditions: 0.5 mmol 1-decene, 0.5 mol % Co (5 mg) or 4.5 mol % Fe (42 mg). * GC conversions using n-hexadecane as internal
standard

Carbonyl, cyano groups and quinolines were completely unreactive with these catalysts (see for example 2d,
2e and 2d in Scheme 3). This is not surprisingly because these substrates are generally activated by Lewis
acids and the catalysts herein presented are composed by a carbonaceous layer that completely lacks any
acidic site. In keeping with this, Beller and co-workers recently reported that Co-based catalysts similarly

19a, 19d]

prepared using ceria"® or aluminal as supports instead of carbon were active in the hydrogenation of

ketones to alcohols, nitriles to amines and quinolines to 1,2,3,4-tetrahydroquinolines. In comparison, the
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materials prepared using Vulcan® as supports were much less active in the same kind of transformations. On
the contrary, nitroarenes are unlikely to require a Lewis acid as an activator, since they are among the
weakest nucleophiles known. This results in a very high selectivity towards the reduction of the nitro

functionality with respect to other reducible functional groups when carbonaceous supports are employed.
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4. Ar-BIANs and related a-diimine Co complexes as precursors for heterogeneous catalysts: on the

role of nitrogen
4.1. Introduction

As previously mentioned, in 2013 Beller and co-workers discovered novel heterogeneous catalysts for
selective nitroarenes hydrogenations. Their preparation involved the pyrolysis of carbon adsorbed metal
chelates between Co, Fe or Ni and Phen. Nevertheless, from an economical point of view, Phen is an
expensive compound which functionalization often requires multistep fair-yielding transformations. Thus,
we were interested in using other, more easily tunable, nitrogen precursors. In this respect, chelating a-
diimine (and especially Ar-BIAN ligands), are widely used in transition-metal catalysed reactions. As the
starting materials are inexpensive, it is possible to prepare a large number of ligands with different electronic
and/or steric properties (Scheme 4). This allows for the synthesis of tailor-made transition-metal based

catalysts.[*!

(M]

N-Ar(R) (R)Ar—N/\ /\N—Ar(R)

. Ar(R)NH, N ‘ Metal precursor ‘
OO Lewis or Bronsted acid OO OO

Scheme 4. General preparation of Ar-BIANs and related metal complexes.

0 0 (R)Ar—N

In the second part of this project, we report for the first time the use of Ar-BIANs and related ligands as

effective precursors for the generation of active Co/NGr catalysts.

4.2. Catalysts preparation and characterisation

The catalytic materials were prepared according to the standard protocol previously published by Beller
and co-workers.'® An in-situ prepared complex between Co(OAc),-4H,O and the ligand (molar ratio
Co:ligand = 1:2) was wet impregnated onto Vulcan® XC 72 R carbon and pyrolysed at 800 °C for 2 hours
under Ar atmosphere affording the heterogencous material. By virtue of the synthetic versatility of the
employed ligands, we synthesized a variety of catalysts (Co/L1-Co/L7) starting from seven different ligands
(L1-L7) (Figure 11).
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L3: X =OH L7: X = NH-Ph Vulcan XC 72R

L4: X = 4-MeO-CgH,

Pyrolysis
800 °C, 2 h, Ar

Co/L1 - Co/L7

Figure 11. Catalysts preparation.

Four selected materials (Co/L1, Co/L2, Co/L3 and Co/L7) were fully characterized by using different
techniques such as X-ray diffractions (XRD), X-ray photoelectron microscopy (XPS), transmission electron

microscopy (TEM) and temperature programmed reduction (TPD).

Our study commenced with XRD measurements in order to identify the constituting phases of the

samples (Figure 12).

ColL1
ColL7
» ColL3
T T T T T E T T 1
10 20 30 40 50 60 70 80
20 (°)

Figure 12. XRD patterns of the selected catalysts.

The XRD pattern revealed that the main specie present is metallic Co. In fact, peaks at 20 values of 44.4,
54.7 and 76.0 corresponds to (111), (200) and (220) crystal planes of cobalt in its ground state.l**) Minor
peaks corresponding to 260 values of 37.3, 42.5, 59.5 and 65.2 were further detected and assigned to CoO and
C0304.7 In addition, the broad peak at around 20 = 25 is ascribed to the amorphous carbon-based support.

Next, XPS was employed to investigate the surface elemental composition and electronic states of the
materials. As Figure 13 demonstrated, nitrogen is successfully incorporated into the carbonaceous matrix

indicating that the employed ligands participate in the generation of these materials.
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Figure 13. High resolution XPS N 1s spectra of Co/L1 (a), Co/L2 (b), Co/L3 (c) and Co/L7 (d)

Detected peaks ranging from 397.9 eV to 398.1 eV are ascribed to pyridinic-type N atoms whereas peaks at
around 400 eV can be ascribed to pyrrolic configurations of the N atoms or N coordinated to Co (Co-Nx
centers).l”®! Because of the expected proximity of the latter signals, it is impossible to unequivocally quantify
the two independent contributions. Catalysts Co/L1 and Co/L3 exhibited two additional peaks at 404.4 eV
and 403.8 eV, respectively. These can be assigned to N-oxides of the pyridinic N modifications. In the case
of Co/L3, N-oxide formation upon pyrolysis is explained by the presence of oxygen atoms directly bounded
to the chelating N atoms in the precursors. However, in the case of Co/L1, the N-O signals are likely to
originate from traces of adventitious oxygen inside the pyrolytic oven. Co/L7 showed slightly different peak
features with three states at 398.1 eV, 399.7 eV and 400.6 ¢V. Whereas the first state can be attributed to
pyridinic N as for the other samples, the both latter ones can be correlated to the Co-Nx centers and pyrrolic

N. Co 2p region was further examined (Figure 14).

Co/L1 Co/L2
Co 2p Co 2p

T T T T T T T ] T T T T T T T T T
810 805 800 795 790 785 780 775 770820 815 810 805 800 795 790 785 780 775 770 765
Binding energy (eV) Binding energy (eV)
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Figure 14. High resolution XPS Co 2p spectra of Co/L1 (top left), Co/L2 (top right), Co/L3 (bottom left) and Co/L7 (bottom
right).

Catalysts Co/L1 and Co/L2 displayed similar peaks. For the Co/L1 and Co/L2 two peaks were observed, one
at 780 eV corresponding to the 2ps, state and the other one at 795 eV correlated with the 2pi., state. Due to
the low amount of Co it is not possible to distinguish between bi- and three valent Co electronic situations.
Peaks at 786 eV and 800 eV (typical for CoO) were found for the other two samples.*”! Finally, Co/L7
presented an additional peak at 778.8 eV representative of Co atoms in zero oxidation state.*®! Furthermore,

carbon and oxygen region were studied (Figure 15).

CollL1 ColL2 [ColL3 ColL?
Cis C1s C1s C1s

T T T T T T T T T T T T T T T T L. . e s S S e e s A S s e e S e s
296 204 202 290 283 286 284 282 280 206 294 292 290 288 286 284 262 280 296 294 202 200 288 286 284 282 280 278 276 274 296 294 202 290 288 286 284 282 280 278 276 274
Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)

Co/L1 Co/L2 Co/L3 ColL7
Ofs O1s O 1s O1s
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Binding energy (eV) Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 15. High resolution C 1s (first row) and O 1s (second row) XPS spectra of the selected catalysts.

Concerning the former, the four catalysts displayed an analogous pattern. The peaks at 283.8 eV, 284.9 eV
and 285.2-286.3 eV can be attributed to the presence of C=C, C=N and C-N bonds confirming the enclosure
of the N atoms into the graphitic matrix. Every C 1s spectra showed the shake-up feature around 290 eV
arising from the m to ©* transition typical for graphitic like compounds. The interpretation of the oxygen
region is not straightforward due to a multitude of possible O containing compounds, ¢.g. CoO, Co(OH), and
several organic moieties containing C-O and C=0 bonds. The peaks between 530.6 ¢V and 533 eV can be

ascribed to all these compounds.*!!
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To evaluate morphological differences caused by the use of different ligands, high resolution transmission
electron microscopy (HRTEM) technique was exploited. Parallel high angle annular dark field (HAADF)
and annular bright field (ABF) images were taken. The HAADF images are sensitive to differences in the
atomic number (Z) of the atoms present in the sample. In the current case, oxidic cobalt phases show less
contrast than metallic cobalt. In combination with EDX measurements and indexing of high resolution
images, it is possible to describe the Co containing phase nature. Since HAADF prefers the imaging of heavy
elements, ABF has to be used for light elements such as carbon. By using this technique, graphitic structures

at the top of the NP were observed.

=

Figure 16. HRTEM images of the selected catalysts: HAADF (upper row) and ABF (lower row).

Figure 16 shows typical images for the selected catalysts. The different appearance of particles with
metallic core and oxidic shells can be easily seen. Whereas Co/L1 contains completely covered particles, the
oxidic coverage decreases for Co/L2 and Co/L3. Co/L7 shows a different morphology. Here, the Co-
containing phase is split into agglomerates of small oxidic and bigger nearly uncovered metallic particles. As
shown by the ABF images, graphitic structures (graphene layers) appear at the top of the metallic Co
fractions intimately in contact with the particles. For Co/LL1 no graphitic envelops were found since the
metallic Co is completely embedded by cobalt oxide. From Co/L2 to Co/L7 the cobalt oxidic shell decreases
and it can be observed (Co/L2) that only free metallic Co is in tight contact to the graphitic or graphene
layers. The chemical composition of the four materials was further corroborated by EDX (energy dispersive
X-ray) analysis (Figures S1, S2, S3 and S4). The core of the NP reveales the presence of only Co whereas

the periphery is composed by Co and O indicating the formation of oxidic species.

Finally, TPR was employed to get insight into the reducibility of the catalytic materials (Figure 17).
Co/L1, Co/L2 and Co/L3 showed a very similar behavior. In contrast, Co/L7 displayed a peak area much
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smaller than the previous ones. This is ascribed to a greater metallic contribution in the NP. This result is in

agreement with that obtained from the XPS and STEM studies for the same catalyst.
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Figure 17. TPR patterns of the selected catalysts.
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In conclusion, similarly to Co-Co3O4/NGr@C, most of the prepared materials exhibit a core-shell

structure in which metallic and oxidic species coexist. In addition, nitrogen-doped graphitic and graphene-

type layers in contact with these NPs are observed.

4.3. Evaluation of the catalytic activity

The catalytic performance of the prepared materials was primarily explored in the hydrogenation of

nitrobenzene to aniline. Initially, Co/L1 was employed for the hydrogenation of nitrobenzene in the presence

of different solvents (Table 6).

Table 6. Catalytic hydrogenation of nitrobenzene to aniline: solvent screening.”

o

0.7 mol % Co/L1

©/NH2

110 °C, 50 bar Hy, 8 h

Entry Solvent Conversion Selectivity
[%0]® [%0]®
1 hexane <1 -
2 toluene <1 -
3 AcOEt <1 -
4 AcOEt-H,O 11 >99
5 THF 5 >99
6 THF-H>O 15 >99
7 EtOH 21 >99
8 EtOH-H,O 28 >99
9 MeOH 20 >99
10 MeOH-H,O 24 >99
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11 HO 20 95

 Reaction conditions: 0.5 mmol PhNO,, 2 mL solvent (+ 100 uL. H,O if stated); * Conversion and selectivities are based on GC analyses, using
n-hexadecane as an internal standard.

As expected, while apolar solvents proved to be detrimental for the reactivity, polar ones allowed for higher
conversions. In particular, EtOH was found to be the best solvent. The addition of small amount of water
(1:20 by volume) further increased the nitrobenzene conversion in every case. With all the tested solvents,

selectivities towards the desired product were very high.

In agreement with the findings previously discussed (Project 1, first part), organic bases are beneficial for
achieving higher conversions. Thus, different basic additives were tested in combination with catalyst Co/L2

(Table 7).

Table 7. Catalytic hydrogenation of nitrobenzene to aniline: base screening.”

0.7 mol % Co/L2

°
©/N02 1 eq. base ©/NH2 + Ns /© + N O
\N N
110 °C, 50 bar H, ©/ ©/@ N

EtOH/H,0, 8h

Conversion Selectivity Selectivity Selectivity
Entry Base [%]" PhNI;Iz azobenzbene azoxybenzene
[%6] [%o] [Yo]®
1 - 63 >99 - -
2 NaOH >99 17 59 11
3¢ NaOH >99 21 36 23
4¢ NaOH 52 31 7 53
5 NaxCOs 48 95 <1 <1
6 Na3PO4-6H,O 68 92 1 2
7 NMM*® 79 >99 - -
8 Pyridine >99 95 - -
9 DMAPf >99 98 - -
10 Et:N 92 >99 - -

* Reaction conditions: 0.5 mmol PhNO,, solvent: 2 mL EtOH + 100 pL H,O; ® Based on GC analysis using n-hexadecane as an internal
standard; © Co/L3 was used instead of Co/L2; ¢ No catalyst; © N-methylmorpholine; ' 4-dimethylaminopyridine.

Inorganic bases led to moderate or full conversions but the selectivity into the aniline dropped owing to the
formation of azobenzene and azoxybenzene as side products. As expected, when Ets:N was employed,
complete conversion and full selectivity were achieved, thus avoiding the formation of undesired side

products. For a complete investigation of the catalytic system, acidic additives were also tested (Table 8).

Table 8. Catalytic hydrogenation of nitrobenzene to aniline: acid screening.?
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0.7 mol % Co/L2

NO, Acid NH, NH> NH>
Oy SR GURNN G
110 °C, 50 bar H, OEt EtO

EtOH/H,0, 8h

Ent Acid Equivalents with  Conversion Sel;l.fﬁ\tliﬁity Selegtiivity Seleit_ivity
ntry ¢ respect to PhNO, [%]® (%" 2 ethoxyaniline ethoxyaniline
’ [%6]" [%0]”

1 - - 63 >99 - -

2 CF;COOH 1 61 61 6 19
3 CF;COOH 2 61 55 10 31
4 HBF,4-OEt; 1 60 22 15 61
5 HBF,4-OEt; 2 60 18 12 69
6 Al(OTf)3 1 45 23 14 54
7 Zn(OTH); 1 48 73 5 21

* Reaction conditions: 0.5 mmol PhNO,, solvent: 2 mL EtOH + 100 pL H,O; " Based on GC analysis using n-hexadecane as an internal
standard.

Two Brensted (HBF4-OEt; and CF;COOH) and two Lewis acids (Al(OTf); and Zn(OTf),) were used at
various concentrations. In every cases, a slight decreasing of the conversion and a drop in the selectivity
were detected. The decline of the selectivity was attributed to the formation of 2-ethoxy- and 4-
ethoxyaniline. Control experiments carried out under a dinitrogen atmosphere without the catalyst and in the
presence of HBF4-OEt, (2 equivalents) revealed that nitrobenzene, nitrosobenzene or aniline do not react. On
the contrary, N-phenylhydroxylamine under the same conditions led to the formation of 2-ethoxyaniline, 4-

ethoxyaniline and azoxybenzene in 49, 9 and 29 % yield, respectively (Scheme 5).

NO, 2 equiv. HBF4

70 °C, 20 bar Ny, 17 h
EtOH-H,0

NO 2 equiv. HBF4

70 °C, 20 bar Ny, 17 h
EtOH-H,O

70 °C, 20 bar Ny, 17 h
EtOH-H,0

5{0)

Ne

y=29%

®Z-

©/NH2 2 equiv. HBF,
“ 2 equiv. HBF, NH, NH,
SUENNGAN
70 °C, 20 bar Ny, 17 h OFEt EtO ©/

EtOH-H,0

y=49% y=9%

Scheme S. Behavior of nitrobenzene, nitrosobenzene, aniline and N-phenylhydroxylamine with HBF4 under catalytic reaction
conditions.

This behavior was previously reported in the case of both Brensted® or Lewis acids.l**! Having good
conditions in our hands, the seven catalysts were tested in the benchmark hydrogenation of nitrobenzene to
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aniline with and without the addition of Et;N. In every case, the addition of the organic base led to improved

performance (Figure 18).
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Figure 18. Variation of [PhNO:z] during the reaction without (a) and with (b) 1 equiv. of EtsN. Reaction conditions: 0.5 mmol
PhNO2, 0.7 mol % Co, solvent: 2 mL EtOH + 100 pL. H20, 50 bar Hz, 110 °C.

More specifically, Co/L7 displayed the maximum activity followed by Co/L3, Co/L2, Co/L6, Co/L5, Co/L4
and finally Co/L1. Interestingly, this trend is retained even if Et;N was added, which indicates that the base
acts as promoter but leaves the catalytic material unaffected. In all cases selectivities were very high and no
side-products such as nitrosobenzene, azobenzene or azoxybenzene were detected at the end of the catalytic
experiment. This observation, coupled with the fact that selectivities into aniline increased with increasing
reaction time (Figure 19), clearly demonstrates that N-phenylhydroxylamine is an intermediate in the present

catalytic transformation.
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Figure 19. Variation of PhNH: selectivity during the reaction conducted without (left) and with (right) the addition of Et3N.
Reaction conditions: 0.5 mmol PhNOz2, 0.7 mol % Co, solvent: 2 mL EtOH + 100 pL. H20, 50 bar Hz, 110 °C.

Next, the reusability of Co/L7 was investigated in a six-fold scaled up reaction showing a good recyclability
(Figure 20). A slight decrease of the conversion was observed after the first and second recycling. However,
after the second run the catalytic performance remained constant. In addition, the selectivity was completely

retained at a value of > 99 % throughout the 5 recycling experiments.
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Figure 20. Recycling experiments of Co/L7. Reaction conditions: 3 mmol PhNO2, 0.7 mol % Co/L7, solvent: 12 mL EtOH +
600 pL H20, 8 h, 50 bar Hz, 110 °C.

ICP analysis of the liquid phase after each recycle indicated no Co leaching (detection limit is 0.5 ppm). In
addition, Maitlis’ hot filtration test was carried out in order to detect whether soluble active Co species were
present to catalyse the reaction, (Table S9). The results confirmed that no active cobalt was leached. Thus,

we conclude that the employed catalyst is inherently heterogeneous.

Subsequently, the reaction scope was explored employing various substituted aromatic nitro compounds as

substrates (Scheme 6).

0.7 mol % Co/L7
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Scheme 6. Co/L7-catalysed hydrogenation of substituted nitro compounds: reaction scope.

141



The catalytic system is excellently tolerant to halogen containing substrates. The presence of Br, Cl or F did
not affect the selectivity and the various nitro compounds were smoothly converted into the corresponding
anilines (2a, 2b and 2¢). Only in the case of 4-iodonitrobenzene (1d), dehalogenation occurred producing
aniline and N-ethylaniline in 83 % and 16 % yield, respectively (Figure 21). Control experiments reveales
that even 4-iodoaniline is subjected to dehalogenation under catalytic conditions. The formation of N-
ethylaniline is likely to be caused by in-situ formation of Etl from ethanol (solvent) and HI derived from the

dehalogenation followed by alkylation of the amino group (Figure 21).34

H

/©/N02 0.7 mol % ColL7 N_ - NH, NH;
+ +

| 110 °C, 50 bar H,, 8 h ©/ ©/ [

Conv. >99 % y=16 % y=83%
H
/©/NH2 0.7 mol % ColL7 @N\/ NH,
+
I 110 °C, 50 bar Hy, 8 h 7 oo
Conv. > 99 % y=10% y =89 %
/©/N02 hydrodehalogenation ©/N02 h
: E{OH
Jreduction Jreduction Et
H
N
/@/ NH2 v drodehalogenation ©/NH2 ©/ ~
! ‘] EtOH
HI Etl

Figure 21. Co/L7-catalysed reduction of 4-iodonitrobenzene: proposed hydrodehalogenation and alkylation pathways.

Notably, 3-iodonitrobenzene (1e), did not show this undesired pathway affording the desired product in
excellent yield. Electron donating substituents (2f, 2g, 2u, 2x, 2y, 2z) and steric hindrance (2h, 2i) were well
tolerated. Other reduction-labile functional groups such as double (2j) or triple- (2k) carbon-carbon bonds,
nitriles (21), ketones (2m), simple and conjugated esters (2n, 2r) and amides (20) are well tolerated affording
the corresponding anilines in very high yields. Heteroaromatic nitro compounds were hydrogenated
furnishing the corresponding anilines in good (2s) and moderate (2q) yields. An excellent selectivity was
also achieved in the reduction of 2,4-dinitrotoluene (1t) into the corresponding diamine. Such hydrogenation
is currently employed yearly on a multi-million tons scale as a step in the preparation of 2,4-
toluendiisocyanate. As mentioned earlier, the addition of 1 equivalent of EtsN boosts the activity of the
catalytic system (see 1l and 1q). The pharmaceutically important substrates nitroresorcinol (laa) and

Flutamide (1ab) were also investigated in the catalytic hydrogenation. (Figure 22)
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NO, 110 °C, 50 bar H,, 24 h NH,

EtOH-H,0 (1:20 by volume)
OH OH
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5 mmol reaction scale: y = 65 %

O,N 1.4 mol % ColL7 HzN o
o 110 °C, 50 bar H,, 13 h
FsC N
F,C N EtOH-H,0 (20:1 by volume) H
H 2ab
1ab (Flutamide) 5 mmol reaction scale: y = 93 %

Figure 22. Co/L7-catalysed hydrogenation of pharmaceutically important substrates.

The corresponding reduction products are key-intermediates in the preparation of biologically active
compounds and are valuable starting molecules in total syntheses.**! In the case of 1aa, the reaction was
slow using EtOH-H>O with a volume ratio 20:1 as solvent mixture but proceeded faster in a reaction media
almost exclusively composed of water. This is likely to be attributed to the very strong intramolecular H-
bond between the partially positively charged H of the OH groups and the two negatively-charged oxygen
atoms of the adjacent nitro group (Figure 23).5¢!

©
H- ’O\\N/’O\ “H
\ ®
o) o}

Figure 23. Intramolecular H-bond in nitroresorcinol.

Thus, a strong polar system is required to break the H-bond and facilitates the reduction step. In fact, upon
shifting from a 20:1 mixture of EtOH:H,O to a 1:20 ratio of EtOH:H,O, the dielectric constant of the
reaction medium triples (from 20 to 60 at 80 °C).’” However, it was not possible to conduct the catalytic
transformation in pure water as the solubility of the substrate was insufficient in this case. This reaction is the
first example of a non-noble metal catalysed reduction of 2-nitroresorcinol to 2-aminoresorcinol. Similarly,
hydrogenation of lab proceeded with excellent chemoselectivity and its purification does not require
expensive and waste-producing chromatographic separation techniques. In fact, just filtration over Celite®
and consecutive solvent evaporation were needed to obtain the product in a pure form at the end of the

reaction.
4.4. Kinetic studies

In order to understand the different catalytic behavior of the seven employed catalysts, kinetic
experiments were carried out. The collected data are in accordance with a first order kinetics in PhNO;

(Figure 24).
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Figure 24. First order kinetic plot of the seven catalysts without (a) and with (b) 1 equiv. of Et:N. Reaction conditions are
reported in the caption of Figure 18.

Despite the structural and morphological similarity of the prepared materials, the bulk N content (wt. %)
varies from catalyst to catalyst (see Table 9). Since control experiments confirmed that the catalyst prepared
without any nitrogen ligand is totally inactive (Table S3, entry 5), we assumed that the activities of the
catalysts correlates with the bulk nitrogen content in the final catalytic material. In fact, if one plots the first-
order kinetic constant vs the nitrogen content in the final material a clear correlation is observed: the higher
is the nitrogen content, the better the activity of the catalyst. Notably, the same trend is retained if the
reactions were carried out in the presence of 1 equiv. of EtsN. In this case, kinetic constants were

dramatically improved (Figure 25 and Table 9).
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Figure 25. Correlation between first-order kinetic constant and total nitrogen content in the catalytic material.
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Table 9. Comparison between kinetic constants for reactions conducted with and without Et3N.

C: H: N: Co? Kinetic constant Kinetic constant
- H: N: Co
b 9 9

Catalyst (%] without Et;N with 1 equiv. Et;N kE%N
k [h] kesy [h1)
Co/L1 85.93;0.13; 0.92; 3.13 0.0413 0.066 1.6
Co/L2 87.30; 0.10; 1.48; 3.00 0.1239 0.322 2.6
Co/L3 87.81;0.14; 1.67; 3.49 0.3052 0.4461 1.5
Co/L4 85.86; 0.30; 1.05; 3.26 0.0443 0.0737 1.7
Co/LS 86.38; 0.24; 1.40; 3.20 0.0506 0.0996 2.0
Co/L6 83.48; 0.24; 1.23; 3.25 0.0907 0.2206 2.4
Co/L7 80.19; 0.28; 1.90, 3.16 0.3903 0.5825 1.5

*C, H, N values were determined by CHN analysis; Co content was determined by AAS.

This general trend is observed for all catalysts except for Co/LS. This can be attributed to the steric
hindrance of the naphthyl groups that probably negatively affect the coordination ability of the ligand to the
metal center. Thus, the N atoms are equally incorporated into the carbon matrix but not close to the
catalytically active site. In fact, the catalyst prepared using a 1:1 molar ratio of Co(OAc); and L5 exhibited a
similar activity to Co/LS. Conversely, the catalyst prepared by combining Co(OAc), and L1 (less sterically

hindered) in a 1:1 molar ratio showed a much lower activity (Figure 26).
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Figure 26. Comparison between the catalysts Co/L1 and Co/L5 prepared with a molar ratio metal:ligand 1:1 or 1:2.

In addition, for the selected characterized materials, a correlation with the free pyridinic N content measured
by XPS was established (Figure 27 left). Since no similar correlations were observed in the case of
pyrrolic/Co-Ny configurations (signals at around 400 eV in the XPS spectra), we conclude that uncoordinated
pyridinic N atoms play a pivotal role in the catalytic activity (graphitic or N-oxidic configurations were not

taken into account since they were not found in all the catalysts) (Figure 27 left).
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Figure 27. Correlation between first order kinetic constant and pyridinic N (left) and pyrrolic/Co-Nx configurations (right).

A related observation has been described for NGr-based catalysts for electrochemical applications.[*®!
However, to the best of our knowledge, this is the first time that such a correlation is described for catalytic
hydrogenation reactions. Investigations of the reaction order with respect to EtsN and H, pressure using
Co/L2 as the model catalyst, indicate a first-order kinetics in both the reactants (Figure 28). This latter

observation is ascribed to the linear dependence of the H, solubility with increasing gas pressure in alcoholic

solvents.*!
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Figure 28. Evaluation of the reaction order for EtsN (left) and H> pressure (right) using Co/L2 as catalyst.

First order kinetics with respect to nitrobenzene, dihydrogen and, if present, tricthylamine cannot be
explained by a single slow step without the existence of at least one kinetically relevant equilibrium stage
before the r.d.s. Given that activation of nitrobenzene is very unlikely to be reversible (nitroarenes are among
the weakest bases known and their metal complexes are extremely labile), the most likely explanation for the
observed kinetic data is that reversible formation of an activated form of dihydrogen first occurs, the
equilibrium being strongly shifted to the reagents side. If this were not true the kinetics would deviate from
first order for both H, and Et;N. The activated dihydrogen then reacts in the r.d.s. with nitrobenzene. Indeed,
by indicating with [Co] the active cobalt site, with [Co](H>) its dihydrogen adduct and with [Co](H2)(EtsN)

the activated intermediate, the total active site concentration, [[Co]T], is given by eq. 1:
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(eq.1) I:[CO]T] [ [Co] ] [ Co|(H ] [ [Co](H,)(Et N)]

Given the equilibria:

H, Et,N
[Co](Hp) === [Co](H2)(Et3N)

[Co]

It turns out that:

(eq.2) K :[[CO]]'[Hz]'[EtaN]

* [[co(,)(BtN) |

Since the first irreversible step is the first hydrogen uptake by nitrobenzene (according to the first order
dependence of the rate on the concentration of this reagent), the rate of nitrobenzene consumption is given
by:

(cq.3) _w — K [PhNO, J[[Co](H, ) (Et,N)] = K[PhNO,

[[Co]J[H, ][Et,N]
K

€q

Ky, [PRNO, J[[Co] |[H, ][Et:N]

where:

ea-4)  [[Co]]=[[Co], ]-[[Co](H)][[Co](H.)(Et.N)]

Given the large excess of dihydrogen under the reaction conditions and the fact that triethylamine is not

[Et,N]|>> [[CO]T]

consumed irreversibly and surely , the values of [Hz] and [Et;N] can be considered to be
constant during the reaction. However, in general the concentration of free active cobalt sites, [[Co]],
depends on both dihydrogen and triethylamine concentrations and, according to equilibrium (2), should
decrease as [H:] and [Et;N] increase. This would result in a deviation from first order dependency of the
reaction rate from both H, and Et;N concentrations, which is in contrast to the clean first order with respects
to these reagents experimentally observed. The only situation that fits all observed kinetic data is that in
which both equilibria in eq. 2 are strongly shifted on the left side through the whole range of

concentrations/pressures ~ employed in  our  Kkinetic study. Under these  conditions,

[ Co] ] [ Co (Et3N)] << [[Co]] ond [[Co]] = [[CO]T] = constant

. A similar, simplified,
analysis holds for the competitive pathway in which no triethylamine is involved. The sharp intercept in the
kinetic plot kobs vs. [EtsN] with the Y axis ([EtsN] = 0) is also a strong point supporting the conclusion that
most of the active cobalt site are in the “free” form during the reaction. In fact, if this condition holds, the
Et;N-dependent and the EtsN-independent pathways can occur at the same time without interfering with each
other and the total k vs. [EtsN] kinetic plot is just the sum of a constant term and a straight line, as
experimentally observed. Otherwise, a distinct curvature should be observed in proximity of the Y axis,

which is not the case.
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Based on reactivity data, and supported by the evidences suggested in the first part, we postulate that this
kind of hydrogenations proceeds by a heterolytic activation of dihydrogen. The kinetic data obtained in this
work not only confirms the general validity of this explanation for this class of catalysts, but also add further
details. In particular, the linear dependence of the reaction rate on triethylamine concentration with a non-
zero intercept points to a reaction scenario where two independent and competing mechanisms occur, in
which either a nitrogen atom of the support or that of Et;N is involved, but not both. Based on the kinetic
investigations, we propose the pyridinic N content is crucial for the catalyst activity. The fact that the
dihydrogen activation equilibrium is shifted towards the left is not only consistent with the kinetic orders
observed, but also explains why the rate of the Et;N-free reaction is not affected by triethylamine
concentration. Indeed, at any given moment the active sites are virtually all available independent of the EtsN

concentration. A schematic representation of the initial steps of the reaction is shown in Figure 29.
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Figure 29. Proposed reaction mechanism.

Recent both experimental and theoretical works dealing with transition metal/NGr catalysts indicate that the
nature of the active sites can be a M-N-Cy network in which the metal is present as a single atom (so-called
single-atom or single-site catalysis, SAC).[*?! According to our structural characterization we postulate the
involvement of either single-site Co centers or Co NP coordinated to pyridinic N atoms whose configurations
are not definitely elucidated. The established correlation between non-coordinated pyridinic N configurations
and activity (Figure 27 left) suggests an internal base role by the latter. The relationship between activity and
amount of pyridinic N can be ascribed to its basicity. In agreement with this proposal, a recent study
described that in NGr-based materials, the pyridinic N exhibits the maximum basicity among the three types
of N (the other two are pyrrolic and graphitic).*"! These conclusions are corroborated by control
experiments. Indeed, it must be stressed that the contemporary presence of both a cobalt source and a

nitrogen ligand before the pyrolysis step is required to obtain active catalysts.

Finally, the most active catalyst (Co/L7) was compared with commercially available noble-metal based
heterogeneous catalysts (Tables 11 and 12). Two model substrates were employed for that purpose: (£)-4-
nitrostilbene (1j) and 3-nitroacetophenone (1m). In both cases, Co/L7 showed superior chemoselectivity
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towards the formation of the desired products, while several side- and over-reduction products were detected
when the reactions were carried out with standard noble-metal based catalysts. Aromatic ring hydrogenation
and double bond saturation are the most frequent side reactions in the case of 1j, whereas carbonyl

hydrogenation and hydrodeoxygenation occur in the case of 1m.

Table 10. Hydrogenation of (E)-4-nitrostylbene with noble-metal based commercially available heterogeneous catalysts.

0,

S O 0.7 mol % Cat. S O
O 110 °C, 8 h, 50 bar H, O

O,N H,N

_ EtOH-H,0 _
1j 2j
Conv. Sel. 2j
Entry Catalyst [%]" [%]" Other by-products detected by GC-MS
(1] (1]
1 Co/LL7 >99 >99 -
2 5 % wt. Ru/C >99 <1 /O/\/Q
HoN H,N
3 10 % wt. Pd/C >99 <1 /O/\/Q
HoN H,N
4 Raney®-Ni >99 <1
H,N
5 5 % wt. Pd/AL,O3 >99 traces

6 10 % wt. Pt/C >99 traces O/\/Q

Table 11. Hydrogenation of 3-nitroacetophenone with noble-metal based commercially available heterogeneous catalysts.

o] (0]
0.7 mol % Cat.

110 °C, 16 h, 50 bar H,

NO, EtOH-H,0O NH,

im 2m
Conv. Sel.

Entry Catalyst [%]" [%]" Other by-products detected by GC-MS
1 Co/L7 >99 89 -
OH OFt
2 5 % wt. Ru/C >99 <l
H,N H,N

OEt

3 10 % wt. Pd/C >99 <1 @2\
H,N HZNQ/\

4 Raney®-Ni >99 <1 » @A

OEt

5 5 % wt. Pd/AL,O;3 >99 traces @*
H,N HZNQ/\
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0
6 10 % wt. Pt/C 45 70 HZNJ@/\

5. Conclusion

In conclusion, in the first part of this project, an in depth investigation of reaction conditions allowed us
to significantly decrease temperature and hydrogen pressure (with respect to the original published values) in
the hydrogenation of nitro compounds using Co-Co3O04/NGr@C and Fe,Os/NGr@C catalysts. Key-points for
achieving the proposed target was the use of polar protic solvents (EtOH and MeOH) and the addition of
bases (Ets;N and NH;) which greatly enhance the activity of both the systems. Gratefully, the
chemoselectivity into the production of substituted anilines was not affected at all. In addition, control
experiments and other experimental evidences set the foundations for postulating a reaction mechanism in

which a heterolytic activation of the dihydrogen is likely to be involved.

In the second part of the project, we demonstrated that Ar-BIANs and related a-diimine complexes are
competitive N-ligand for the generation of active Co-bases heterogeneous catalysts instead of using 1,10-
phenanthroline. Structural elucidations revealed chemical and structural features very similar to the congener
Co-Co304/NGr@C. Even in this case, alcoholic polar solvents and base addition were found to be crucial for
the catalytic performance. Furthermore, excellent chemoselectivity in the hydrogenation of variously
substituted nitro compounds were detected as well as good a recyclability of the catalyst. Straightforward
kinetic investigations suggested a linear and direct correlation between the activity of the catalysts (kinetic
constant) and the total amount of nitrogen in the support. An additional correlation between the activity and
the free pyridinic N in the support was demonstrated. All our findings, corroborated with very recent
publications in the field, are in accordance with a catalytic site composed by single Co atoms coordinated to
N functionalities. Finally, supported by the results presented in the first part, herein we validate our

assumption for an heterolytic activation of the dihydrogen molecule.

150



6. Supplementary catalytic data and experimental section

6.1. General methods — reagents, solvents and manipulations

Concerning the synthesis of the ligands, all the reactions were carried out under a nitrogen atmosphere
using standard Schlenk techniques. All glassware and magnetic stirring bars were kept in an oven at 120 °C
for at least two hours and were cooled to room temperature under vacuum prior to use. CDCIl3 used for the
NMR experiments was filtered on basic alumina and stored under nitrogen over 4 A molecular sieves.
Concerning the catalytic experiments, all manipulations were carried out in the air. Chemicals and solvents
were purchased from Sigma Aldrich, Alfa Aesar or Tokyo Chemical Industry. Carbon powder VULCAN XC
72R® (code XVC72r, CAS No. 1333-86-4) was obtained from Cabot Corporation. Pyrolysis were carried out

in a Dekema-Austromat 324 oven.

6.2. General methods - analysis and characterisation

TEM measurements were performed at 200 kV with an aberration-corrected JEM-ARM200F (JEOL,
Corrector: CEOS). The microscope is equipped with a JED-2300 (JEOL) energy-dispersive X-ray
spectrometer (EDXS) for chemical analysis. The sample was deposited without any pre-treatment on a holey
carbon supported Cu-grid (mesh 300) and transferred to the microscope. The High-Angle Annular Dark
Field (HAADF) and Annular Bright Field (ABF) images were recorded with a spot size of approximately 0.1
nm, a probe current of 120 pA and a convergence angle of 30-36°. The collection semi-angles for HAADF

and ABF were 70-170 mrad and 11-22 mrad, respectively.

XPS data were obtained with a VG ESCALAB220iXL (ThermoScientific) with monochromatic Al Ka
(1486.6 eV) radiation. The electron binding energies Eg were obtained without charge compensation. For
quantitative analysis the peaks were deconvoluted with Gaussian-Lorentzian curves, the peak area was
divided by a sensitivity factor obtained from the element specific Scofiled factor and the transmission

function of the spectrometer.

XRD pattern of the materials were recorded on a Panalytical X’Pert Pro diffractometer in reflection mode

with Cu Ka radiation (A=1.5406 A) and a silicon strip detector (X’Celerator).

NMR spectra of ligands and isolated anilines were recorded on a Bruker Avance DRX 300 or on a Bruker

Avance DRX 400 operating at 300 and 400 MHz, respectively.

CHN analyses were performed using a Leco Microanalysator TruSpec or a PerkinElmer 2400 CHN.
Metal content of the catalysts was determined by atom absorption spectroscopy using a PerkinElmer AAS

Analyst 300 after fusion melts and acidic dissolving of the sample.
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TPR-H,; measurements were conducted using a Micrometrics Autochem II 2920 instrument equipped
with a TCD detector. The experiment run was carried out from 36 °C to 700 °C in a 5% Hy/Ar flow (20 cm®

min™') with a heating rate of 10 K min™’.

6.3. General methods - catalysts preparation

For Co-based catalysts. Cobalt(Il) acetate tetrahydrate was added to absolute ethanol (40 mL of EtOH for
1 mmol of Co(OAc),-4H>0) and stirred until complete solubilisation (10 min., formation of a clear purple
solution). Then the ligand (2 mmol) was added (color change from orange to deep red depending on the
ligand) and the resulting solution was stirred at 60 °C for 2 h. Owing to their scarce solubility in EtOH,
ligands L2 and L7 were initially solubilized in the minimum amount of inhibitor-free THF and then
dropwise added to a solution of Co(OAc),-4H,O in EtOH. After that, VULCAN XC 72R® (1.392 g for 1
mmol of Co(OAc),-4H,0) was portionwise added during about 30 min and the suspension was stirred at 25
°C for 18 h. Then, the solvent was removed and the obtained solid was dried for 4 hours under vacuum,
grinded to a very fine powder and finally transferred into a ceramic crucible, equipped with a lid, and placed

in the pyrolysis oven. Following the same procedure but omitting the ligand CoxOy@C was prepared.

For Fe-based catalysts. Fe(Il) acetate (stored under Ar atmosphere) was added to absolute ethanol (40
mL of EtOH for 1 mmol of Fe(OAc),). Then Phen (3 mmol) was added and the so-obtained brown solution
was stirred at 60 °C for 2 hours. After that, VULCAN XC 72R® (1.392 g for 1 mmol of Co(OAc),-4H,0)
was portionwise added during about 30 min and the suspension was stirred at 25 °C for 18 h. Then, the
solvent was removed and the obtained solid was dried for 4 hours under vacuum, grinded to a very fine
powder and finally transferred into a ceramic crucible, equipped with a lid, and placed in the pyrolysis oven.

Following the same procedure but omitting the ligand Fe,O,@C was prepared.

Pyrolysis. The oven was heated to 100 °C (25 K/min) flushing 10 mL-min™! of Ar. Once the temperature
reached 100 °C, the chamber was evacuated for 5 min and flood with Ar for 60 °C. The latter operation was
repeated for two times. Thus, the temperature was increased to 800 °C and maintained for 2 h. During the
whole process Ar was flushed. At the end, the heating was stopped and the chamber allowed cooling down to
room temperature. The lid containing the active catalyst was removed. Both the catalysts can be stored under

air for months without loss of activity.

6.4. General methods —catalytic reactions in the autoclave

In an 8 mL glass vial fitted with a magnetic stirring bar and a septum cap, the catalyst (the amount
depends of the catalyst) was added followed by the nitroarene (0.5 mmol), the internal standard (n-
hexadecane, 20 mg) and the solvent. A needle was inserted in the septum cap, which allows dihydrogen to
enter. The vials (up to 7) were placed into a 300 mL steel Parr autoclave which was flushed twice with
dihydrogen at 20 bar and then pressurized to 50 bar. Then the autoclave was placed into an aluminum block
pre-heated at the desired temperature. At the end of the reaction, the autoclave was quickly cooled down at

room temperature with an ice bath and vented. Finally, the samples were removed from the autoclave,
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diluted with a suitable solvent, filtered using a Pasteur pipette filled with Celite® (6 cm pad) and analyzed by
GC.

6.5. General methods - recycling experiments

For the catalyst recycling experiments, six-fold scaled up reactions were carried out. All the reactions
were performed in glass vials set up according to the previously described procedure. After completion of the
reaction the content of the vial was quantitatively transferred into a centrifuge tube. Hereafter, the reaction
mixture was centrifugated and the catalyst was separated from the supernatant. The catalyst was washed
three times with EtOH and dried under vacuum overnight. This material was then used for the next catalytic

reaction.

6.6. Preparation of Ar-BIANs and related a-diimine complexes
6.6.1. Synthesis of Ar-BIAN“!

X-N N—X
A\ 7 L1: X = C6H5

. L2: X = 4-NC-CgH,4
OO L4f X = 4-MeO-CgHy

L5: X = 1-Naphthyl
In a Schlenk flask, acenaphthenequinone (0.500 g, 2.7 mmol) and anhydrous ZnCl, (1.00 g, 7.3 mmol)
were suspended in glacial acetic acid (7.5 mL). The flask was heated to about 60 °C and the aniline (6.3
mmol) was added. The reaction mixture was refluxed for 45 minutes and then filtered through a Buchner
funnel while hot. The collected solid was washed with diethyl ether and dried under vacuum. The obtained
complex was suspended in CH>Cl, (20 mL for each mmol of complex) in a round-bottom flask under air. A
saturated aqueous solution of potassium oxalate (5 mL for each mmol of complex) was added and the

biphasic mixture stirred stirring for 15 minutes. The organic layer was washed twice with water, dried over

NaxSOs, filtered and finally evaporated to dryness affording the pure ligand.

CsHs-BIAN (L1): yellow powder, 78% yield. '"H NMR (300 MHz, CDCl;) § 7.89 (d, J = 8.3 Hz, 2H), 7.48
(t,J=7.7Hz, 4H), 7.37 (t,J = 7.8 Hz, 2H), 7.27 (t, /= 7.4 Hz, 2H), 7.14 (d, J= 7.8 Hz, 4H), 6.85 (d, J= 7.2
Hz, 2H) ppm. *C NMR (75 MHz, CDCls) § 161.9, 152.4, 142.4, 131.8, 130.0, 129.6, 129.1, 128.2, 125.0,
124.6, 118.8 ppm. Anal. Calcd for C24HisN2 (%): C 86.72; H 4.85; N 8.43. Found: C 86.56; H 4.80; N 8.21.

4-NC-C¢H4-BIAN (L2): orange powder, 80% yield. 'H NMR (400 MHz, CDCls) & 8.00 (d, J = 8.3 Hz, 2H),
7.79 (d, J = 8.4 Hz, 4H), 7.47 (t, J = 7.8 Hz, 2H), 7.22 (d, J = 8.4 Hz, 4H), 6.86 (d, J = 7.3 Hz, 2H) ppm. *C
NMR (101 MHz, CDCl3) 8 161.2, 155.3, 142.2, 133.9, 131.4, 130.1, 128.0, 127.7, 124.3, 119.0, 108.2 ppm.
A quaternary carbon was not detected or coincided with another carbon resonance. Anal. Calcd for CasH 14N>

(%): C 81.66; H 3.69; N 14.65. Found: C 81.64; H 3.90; N 14.50.

4-MeO-C¢H4-BIAN (L4): dark orange powder, 84% yield. '"H NMR (300 MHz, CDCls) 7.86 (d, J = 8.2 Hz,
2H), 7.37 (t, J= 7.8 Hz, 2H), 7.09 (d, J = 8.8 Hz, 4H), 7.03 — 6.95 (m, 6H) 3.87 (s, 3H, -OCH;) ppm. 1*C
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NMR (75 MHz, CDCl3) & 161.7, 157.0, 145.0, 141.8, 131.4, 129.0, 128.8, 127.7, 123.8, 119.9,
114.7, 55.6 ppm. Anal. Calcd for C26H20N20: (%): C 79.57; H 5.14; N 7.14. Found: C 79.45; H 5.18; N
7.02.

1-Naphthyl-BIAN (L5): The ligand and the corresponding ZnCl, complex were already known in the
literature.[*! The synthesis was performed following the general procedure reported above. However, in
order to obtain the pure product, the intermediate zinc complex was suspended in MeOH (5 mL), stirred for
30 minutes and then filtered through a Buchner funnel. Dark red powder, 65% yield. 'H NMR (400 MHz,
CDCl) 6 8.09 (d, J = 8.4 Hz, 2H), 7.95 (d, J = 8.2 Hz, 2H), 7.80 (d, J = 8.3 Hz, 4H), 7.62 — 7.51 (m, 4H),
7.44 (ddd, J = 8.1, 6.8 and 1.2 Hz, 2H), 7.29 — 7.17 (m, 4H), 6.65 (d, J = 7.2 Hz, 2H) ppm. *C NMR (75
MHz, CDCl;) & 162.1, 148.5, 142.0, 134.5, 131.3, 129.1, 128.8, 128.1, 127.9, 126.7, 126.2, 125.8, 125.1,
124.6, 124.0 (two overlapped CH), 112.6 ppm. Anal. Calcd. for C3:H20N, (%):C 88.86; H 4.66; N 6.48.
Found: C 89.08; H 4.59; N 6.03.

6.6.2. Synthesis of acenaphthenequinone dioxime (L3)

HO-N N-OH
\ /

8
(L

The ligand has been known in the literature,**! for more than one century; however, its NMR
characterization was never reported. The synthesis was performed adapting a procedure previously described
in the literature.[*! Hydroxylamine hydrochloride (0.955 g, 13.8 mmol) was dissolved in H>O (4 mL) and
NaHCO; (1.18 g, 14.0 mmol) was added portionwise while stirring. MeOH (35 mL) and solid
acenaphthenequinone (1.03 g, 5.6 mmol) were then added. The reaction mixture was refluxed for 1 hour,
allowed to cool and filtered through a Biichner funnel. The obtained off-white solid was washed with MeOH
and dried under vacuum. Although the crude was quite pure, it contained traces of the monooxime and it was
further purified by column chromatography (AcOEt : Hexane = 1:9 + 1% Et;N) which was followed by
washing the product with water to eliminate residual triethylammonium salts. Yield: 0.934 mg (4.4 mmol,
79%).

"H NMR (300 MHz, DMSO-ds) & 12.37 (s, 2H, -OH), 8.36 (d, /= 7.1 Hz, 2H), 8.02 (d, J = 8.3 Hz, 2H), 7.71
(dd, J= 8.2 and 7.3 Hz, 2H) ppm. *C NMR (75 MHz, DMSO-ds) 6 149.1, 136.3, 130.4, 129.2, 128.6, 127.6,
125.6 ppm. Anal. Calcd for Ci12HsN»O» (%): C 67.92; H 3.80; N 13.20. Found C 67.96; H 4.01; N 12.87.
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6.6.3. Synthesis of cyclopropyl-BIAN (L6)“¢!

The synthesis was performed in a thick-walled glass vessel. Acenaphthenequinone (0.500 g, 2.7 mmol)
was suspended in dry MeOH under a dinitrogen atmosphere, cyclopropylamine (0.570 mL, 8.2 mmol) was
added and the vessel was sealed. The reaction mixture was heated to 80 °C and allowed to stir for 8 h. The
volatiles were evaporated affording a light brown residue. The crude was dissolved in hot heptane (20 mL)
and filtered while hot by the aid of a cannula. Upon cooling the product precipitated as pale orange needles,

which were collected by filtration and washed with cold hexane (2 mL). 0.490 g, 1.9 mmol, 69 % yield.

Following this procedure, the ligand L6 is obtained as a mixture of syn-anti and anti-anti isomers. As
previously reported, % evidence of that is provided by the 'H NMR and *C NMR recorded in CDCl;.
However, we noticed that in C¢Ds the equilibrium is almost completely shifted to the syn-anti isomer and the
NMR spectra are more easily understandable. '"H NMR and '3C NMR spectra in both solvents are reported

below.

"H NMR (300 MHz, CDCl;) & 8.24 (d, J = 7.2 Hz, 2H, anti-anti isomer), 8.09 (d, J = 7.2 Hz, 1H, syn-anti
isomer), 7.94 (d, J = 8.3 Hz, 2H, anti-anti isomer), 7.89 (d, J = 8.3 Hz, 1H, syn-anti isomer), 7.86 -7.79 (m,
2H, syn-anti isomer), 7.69 — 7.52 (m, both isomers), 5.59 — 5.42 (m, 2H, syn-anti isomer), 3.99 — 3.77 (m,
both isomers), 1.35 — 1.00 (m, both isomers) ppm. *C NMR (75 MHz, CDCl;) § 162.8, 161.1, 159.3, 140.3,
138.8, 137.1, 131.9, 131.5, 131.3, 128.9, 128.6, 128.4, 128.0, 127.1, 124.2, 123.4, 118.2, 37.3, 36.4, 34.0,
12.2,11.8,11.1 ppm.

'"H NMR (400 MHz, C¢Ds) & 8.02 (d, J = 6.9 Hz, 1H), 7.71 (d, J = 7.1 Hz, 1H), 7.54 (d, J = 8.3 Hz, 1H), 7.49
(d, J=8.2 Hz, 1H), 7.29 (pst, J = 7.6 Hz, 1H), 7.22 (pst, J = 7.7 Hz, 1H), 6.14 — 5.62 (m, 1H), 3.59 (m, 1H),
1.38 — 1.18 (m, 2H), 1.10 — 1.00 (m, 4H), 0.95 — 0.84 (m, 2H) ppm. *C NMR (101 MHz, C¢Ds) 5 160.9,
158.5, 138.7, 137.4, 131.8, 131.3, 128.6, 127.9, 127.4, 126.5, 123.0, 118.1, 36.0, 34.0, 12.1, 11.2 ppm.
CisHieN, (%): C 83. 04; H 6.19; N 10.76. Found: C 82.83; H 6.28; N 10.67.
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6.6.4. Synthesis of acenaphthenequinone bis(phenylhydrazone) (L7)

Ph Ph
HN-N N—NH
\ 7

.
L

The reaction was performed in a thick walled glass vessel. Acenaphthenequinone (1.5 g, 8.2 mmol) was
suspended in EtOH (30 mL), phenylhydrazine (2.5 mL, 25 mmol) was added and the vessel was sealed. The
mixture was heated to 140 °C while stirring for 2 h, allowed to cool and filtered through a Biichner funnel.
The crude was washed with EtOH and dried under vacuum affording 2.4 g (6.7 mmol, 82 % yield) of the

ligand as an orange powder.

"H NMR (300 MHz, DMSO-d) 6 12.71 (s, 1H, NH), 10.19 (s, 1H, NH), 8.43 (d, /= 7.1 Hz, 1H), 8.00 (d, J
= 8.2 Hz, 1H), 7.86 (dd, /= 8.2 and 0.6 Hz, 1H), 7.83 (dd, J=7.0 and 0.7 Hz, 1H), 7.75 (dd, J = 8.2 and 7.2
Hz, 1H), 7.68 (dd, J = 8.1 and 7.1 Hz, 1H), 7.46 (d, J = 4.2 Hz, 4H), 7.43 — 7.26 (m, 4H), 7.07 — 6.99 (m,
1H), 6.95 (tt, 7.4 and 1.3 Hz, 1H) ppm. '*C NMR (75 MHz, DMSO-ds) & 145.6, 144.3, 142.8, 136.0, 134.9,
134.8, 130.5, 130.1, 129.8, 129.1, 128.9, 128.4, 128.0, 125.2, 123.6, 121.8, 121.4, 116.6, 114.4, 113.4 ppm.
Anal. Calcd for CosHisN4 (%): C 79.54; H 5.01; N 15.46. Found: C 79.58; H 4.94; N 15.38.

6.7. Additional catalytic data, catalysts characterisations, control experiments and
characterisation of the catalytic reduction products

6.7.1. Control experiments

Table S1. Co-catalysed hydrogenation of nitrobenzene to aniline: control experiments.”

NO, catalyst NH,
©/ 70 °C, 20 bar H,, 13 h ©/

EtOH-H,0
Entry Catalyst Conversion Selectivity
[%]° [%]°

1 0.5 mol % CoxOy@C <1 -
2¢ 0.5 mol % CoxOy@C <1 -
3d 0.5 mol % Co-Co304/NGr@C <1 -
4¢-d 0.5 mol % Co-Co304/NGr@C <1 -
5 - <1 -
6° - <1 -

* Reaction conditions: 0.5 mmol PhNO,; solvent = 2 mL EtOH + 100 pL. H,O; * GC values using n-hexadecane as the internal standard; © 1
equiv. of Et;N was added; 4 Reaction carried out under 20 bar of N,.
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Table S2. Fe-catalysed hydrogenation of nitrobenzene to aniline: control experiments.”

NO, catalyst NH,
©/ 90 °C, 30 bar Hy, 13 h ©/

MeOH
Entry Catalyst Conversion Selectivity
[%]" [%]"
1 4.5 mol % Fe,O,@C <1 -
2¢ 4.5 mol % FeO,@C <1 -
3¢ 4.5 mol % Fe.O,@C <1 -
44 4.5 mol % Fe,O3/NGr@C <1 -
5¢.d 4.5 mol % Fe,O3/NGr@C <1 -
6 ¢ 4.5 mol % Fe,O3/NGr@C <1 -
7 - <1 -
8 - <1 -
9¢ - <1 -

@ Reaction conditions: 0.5 mmol PhNO,; 3 mL MeOH; ® GC values using n-hexadecane as internal standard; © 1 equiv. of NH; was added; ¢ Reaction
carried out under 20 bar of Ny; ¢ 1 equiv. of DMAP (4-dimethylaminopyridine) was added.

Table S3. Co-catalysed hydrogenation of nitrobenzene to aniline: control experiments.”

NO, catalyst NH,
©/ 110 °C, 50 bar Hy, 8h ©/

EtOH-H,0
Conversion Selectivity
Entry Catalysts [%]* [%]°
1 - <1 -
2¢ 3 mol % Co(OAc),4H.O 2 -
3¢ 3 mol % Co(OAc),4H>0O + L1 (2 equiv. with respect to the 2 -
metal)
4 3 mol % [Co(Ph-BIAN)]:[OAc], on Vulcan XC 72 R 1 -
(unpyrolysed material)
5 3 mol % Co(OAc),"4H>0 on Vulcan XC 72 R (pyrolysed 2 -
material)
6 3 mol % Co(OAc),"4H>0 on Vulcan XC 72 R (pyrolysed 1 -
material)
7 L1 on Vulcan XC 72 R <1 -
(pyrolysed material)
gd L1 on Vulcan XC 72 R <1 -
(pyrolysed material)

* Reaction conditions: 0.5 mmol PhNO;, Solvent: 2 mL EtOH + 100 pL. H,O; ® Conversion and selectivities based on GC analyses using n-
hexadecane as an internal standard; © Reactions carried out under homogeneous conditions; ¢ 1 equiv. of Et;N was added.
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Table S4. Co-catalysed hydrogenation of nitrobenzene to aniline: control experiments.*

NO, 0.7 mol % Co/L1 NH,
©/ 110 °C, 20 bar N,, 13 h ©/

EtOH-H,O
Entry Solvent COI}X/?)TEMH Sel[eo% }gity
1 MeOH-H>O <1 <1
2 EtOH-H>O <1 <1
3 i-PrOH-H,O <1 <1
4 2-methoxyethanol-H,O <1 <1
5 2-methyl-2-butanol-H,O <1 <1
6° EtOH-H>O <1 <1
7¢ EtOH-H,O <1 <1
8 EtOH-H,O <1 <1
9f EtOH-H,O <1 <1

2 Reaction conditions: 0.5 mmol PhNO,, 2 mL solvent + 100 pL. H,O; ® Conversion and selectivities based on GC analyses using n-hexadecane
as an internal standard; ¢ 1 equiv. Et;N was added; ¢ 0.7 mol % of Co/L2 was used instead of Co/L1; [e] 0.7 mol % of Co/L3 was used instead
of Co/L1; [f] 0.7 mol % of Co/L7 was used instead of Co/L1.

Table S5. Elemental analysis of the Co catalyst prepared with (first row) and without Phen (second row).

C H N Co

Catalyst %] (%] [%] [%]
Co0-Co304/NGr@C 92.18 0.18 2.61 3.05
Co,0,@C 83.10 0.18 <0.1 433

Table S6. Elemental analysis of the Fe catalyst prepared with (first row) and without Phen (second row).

C H N Fe

Catalyst [%] %] %] %]
Fe,0:/NGr@C 90.94 0.28 2.79 2.95
Fe,.Oy,@C 82.03 0.096 <0.1 4.53

Table S7. Elemental analysis of the Co and Fe catalysts after five recycles.

C H N
Catalyst [%] (%] (%]
Co-Co;04/NGr@C 92.01 0.25 2.50
Fe;0:/NGr@C 91.01 0.23 2.77

6.7.2. Maitlis hot filtration test for Co-Co3;04/NGr@C and Fe,O3;/NGr@C

The hot filtration test was carried out following the standard procedure for a catalytic experiment. The
reaction was stopped before complete conversion. A small amount of the vial contents was filtered by using
Pasteur pipette filled with Celite® and an aliquot of the filtrate analysed at GC. Then, the remaining reaction
mixture was quantitatively transferred into a Schlenk flask and heated up to 90 °C for 1 hour. The reaction
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mixture was filtered while hot and the filtrate was transferred into a clean reaction vial and subsequently

subjected to the standard reaction conditions for 13 h.

Table S8
Entr Catalvst Conversion before filtration Conversion after filtration
Yy y [%]c [%]c, d
1 Co-Co304/NGr@C? 52.3 53.0
2 Fe,Os/NGr@C® 38.5 37.8

* Reaction conditions for Co-Co;04/NGr@C: 0.5 mmol PhNO,, 0.5 mol % Co-Co0;0,/NGr@C (5 mg), 70 °C, 20 bar H,, solvent: 2 mL EtOH +
100 pL H;O, 1 equiv. Et;N; b Reaction conditions for Fe; O3/ NGr@C: 0.5 mmol PhNO,, 4.5 mol % Fe,0:/NGr@C (42 mg), 120 °C, 50 bar H,,
solvent: 3 mL MeOH, 1 equiv. NH3; © Conversion determined by GC using n-hexadecane as internal standard; ¢ After 13 h of reaction under
the same reaction conditions.

6.7.3. Maitlis‘ hot filtration test for Co/L7

The procedure for setting up a standard catalytic experiment was followed, but the reaction was
interrupted after 2 hours. Hereafter, the autoclave was cooled down to room temperature and vented. A small
amount of the vial content was filtered through a Pasteur pipette filled with Celite® (6 cm pad) and an
aliquot of the filtrate was analyzed by GC. Then the remaining reaction mixture was quantitatively
transferred into a Schlenk flask and heated up to 90 °C for 1 h. The mixture was rapidly filtered while hot
using a Pasteur pipette filled with Celite® (6 cm pad). The filtrate was quantitatively transferred into a clean
reaction vial and subjected to the standard reaction conditions. In the latter case, the reaction time was
prolonged to 24 h in order to take into account any soluble Co species that exhibit only low catalytic activity.

The reaction mixture was finally analyzed by GC.

Table S9
Entr Catalvst Conversion before filtration Conversion after filtration
Y Y [%]" [%]"
1 Co/L7 35.6 35.2
2¢ Co/L7 51.3 51.8

 Reaction conditions: 0.5 mmol PhNO,, 0.5 mol % Co/L7 (5.9 mg), 2 mL EtOH + 100 pL H;O, 110 °C, 50 bar H;; ® Conversion based on GC
analysis using n-hexadecane as the internal standard; 1 equivalent of Et;N was added at the beginning of the first catalytic experiments.
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6.7.4. Additional characterisation data (STEM, EDX and XPS) for Co/L1, Co/L2, Co/L3
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Figure S1. STEM image and EDX analysis of a selected Co/L1 NP
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Figure S2. STEM image of a selected NP of Co/L2 (upper row) and the corresponding EDX analysis of the core (lower row,
left) and the periphery (lower row,right).
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Figure S3. STEM image and EDX analysis of a selected Co/L3 NP.
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Figure S4. STEM image of a selected NP of Co/L7 (upper row) and the corresponding EDX analysis of the core (lower row,
left) and the periphery (lower row,right).
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Figure S5. XPS survey (left) and overall XPS data obtained for Co/L1 catalyst

Co/L2

WMMNJ

Peak name

C1s Peak 1
C1s Peak 2
C1s Peak 3
C1s Peak 4
Co2p Doublet 1
N1s Peak 1
N1s Peak 2
O1s Peak 1

T T T T T T
1200 1000 800 600 400 200 0

Binding energy (eV)

O1s Peak 2
O1s Peak 3
S2p Doublet 1

Area/cpseV

7821.963358
1132.800582
1627.393205
1405.755912
2429105598
7561704142
443.4116343
6268304512
1133.176049

Area/cps-eV

6643.213571
1561.317172
1261.172103
1694.690856
283.5680991
131.4297417
280.1354534
197.7238651
565.3460257
378.1648170
38.78556517

Ebin/eV

2838
284.9
285.77
289.64
780
397.88
400.09
404.44
531.82

Ebin/eV

283.81
284.9
286.26
290.44
779.75
398
400.26
530.58
532.58
535.5
163.14

Sigma

R st e i
© 0w o2
o

=

Sigma

Lambda

20.31
20.29
20.28
20.23
13.66
18.85
18.82
18.77
1741

Lambda

203

20.29
20.27
20.22
13.67
18.85
18.82
1711
17.09
17.05
218

TF

0.836
0.837
0.838
0.84

1.399
0.921
0.923
0.926
1.046

TF

0.836
0.837
0.838
0.841
1.399
0.921
0.923
1.044
1.047
1.05

0.762

Sens. Fact.

16.979
16.983
16.995
16.993
366.15
31.25

31.268
31.286
52.408

Sens. Fact.

16.971
16.983
16.986
17.005
366.42
31.25

31.268
52.338
52.427
52.454
27.858

Figure S6. XPS survey (left) and overall XPS data obtained for Co/L2 catalyst
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Figure S8. XPS survey (left) and overall XPS data obtained for Co/L7 catalyst
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6.7.5. MS spectra of side-products detected in the catalytic run employing 1n as substrate
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Figure S9. MS spectra of diethyl-5-aminoisophthalate
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6.7.6. Isolated products: 2-aminoresorcinol and aminoflutamide (2aa and 2ab)

OH
NH,

OH

After the reaction was complete, the catalyst was separated using a Pasteur pipette filled with Celite® and
the Celite® pad was washed with EtOH. The solvent was evaporated and the desired product isolated using
column chromatography (AcOEt:heptane = 1:1). The product was obtained as a light brown solid.

'"H NMR (300 MHz, DMSO-ds) & 8.82 (br, 2H), 6.29-6.20 (m, 3H), 3.82 (br, 2H) ppm. *C NMR (75 MHz,

DMSO-ds) 6 145.3, 124.3, 116.3, 107.1 ppm. Elemental analysis for CsH7NO, (%): C 57.59; H 5.64; N
11.19. Found: C 57.23; H 5.79; N 10.99.

H,N
RO
FsC N
A
After the reaction was complete, the catalyst was separated using a Pasteur pipette filled with Celite® and

the Celite® pad was washed with AcOEt. The solvent was removed in vacuo affording the product as a pale

orange solid.

'"H NMR (300 MHz, CDCL3) 8 7.54 (d, J = 2.4 Hz, 1H), 7.45 (dd, J = 8.7, 2.3 Hz, 1H), 7.31 (br, 1H), 6.68 (d,
J=8.7 Hz, 1H) 4.05 (br, 2H), 2.63 — 2.30 (sept, J = 6.9 Hz, 1H), 1.22 (d, J = 6.9 Hz, 6H) ppm. 3C NMR (75
MHz, CDCLy) & 175.5, 141.3, 128.6, 126.0, 119.0 (q, J =5.2 Hz), 117.7, 114.0, 36.3, 19.6 ppm. F NMR

(282 MHz, CDCls) 6 -62.5. Elemental analysis for Ci1Hi3F3N>O (%): C 53.66; H 5.32; N 11.38. Found: C
53.59; H5.35; N 11.25.
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6.8. NMR
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