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ABSTRACT

SYNTHESIS OF N-HETEROCYCLIC-SUBSTITUTED INDANONES THROUGH THE
SUPERELECTROPHILIC NAZAROV CYCLIZATION
Harouna Amadou, M.S.
Department of Chemistry and Biochemistry
Northern Illinois University, 2018
Douglas A. Klumpp, Director

Indanones and their derivatives are organic substrates widely used as building blocks or
synthetic intermediates in the development of many compounds in chemical and pharmaceutical
industry. By analogy to the work of Shudo and co-workers on dicationic superelectrophiles and 4π
electrocyclization, we seek to synthesize a series of heterocyclic indanones through the
superelectrophilic Nazarov cyclization in two phases. In the first phase, we prepared a series of
β–substituted enones that were reacted with superacids to generate the cyclization into heterocyclic
indanones. In the second phase, we investigated the scope of the cyclization by reacting α, β–
disubstituted enones with superacids to form indanones. Here, we hypothesize that the presence of
a pyridinium ring will activate the superelectrophilic intermediate and lead to the Nazarov reaction
products.
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CHAPTER I
SYNOPSIS OF SUPERACIDS AND THEIR APPLICATIONS TO THE CURRENT
PROJECT
1.1. Literature review
1.1.1 Overview of superacids and dicationic superelectrophiles
According to Gillepsie (1971) a superacid is any acid stronger than 100% sulfuric acid for
bronsted acids. [1] The Hammet acidity function provides a range of measurements that span from
Ho – 12 for sulfuric acid to Ho – 30 for HF – SbF5.[2] The lower the Ho value, the stronger the acid
(Figure 1.1).

[2]

When organic substances are dissolved in superacids, they can form cation

intermediates and transition states – often leading to useful chemical transformations. In fact, the
utilization of superacids to generate superelectrophiles has been the subject of many reports in the
literature.

[2]

A superelectrophile is described as a cationic electrophilic reagent with greatly

enhanced reactivities and there are two types namely distonic and gitionic superelectrophiles. [2]

Figure 1. 1. Common superacids and their acidity ranges.
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Distonic superectrophiles have structures wherein the positively charged elements are
separated by two or more carbons or heteroatoms whereas for gitionic superelectrophiles, the two
charges are close to each other (vicinal superelectrophiles).

[2]

For instance, distonic

superelectrophiles are likely involved in the Knorr cyclization of β – ketoamides from reactions in
superacid.

[3]

Spectroscopic and computational data were used to provide evidence for an O, O-

diprotonated species being involved in the cyclization (Scheme 1.1). [3]

Scheme 1. 1. Knorr cyclization of a β – ketoamide

Recently, superacid-promoted cyclodehydrations were described showing the importance
of protonated N-heterocycles as part of dicationic superelectrophiles.

[4]

1-Propanone derivatives

were prepared from heterocyclic nitriles and phenethylmagnesium bromide (Scheme 1.2) and then
treated with superacid to form functionalized indenes through dicationic superelectrophilic
intermediates. [4] It was observed that N-heterocycle protonation plays a key role in activating the
electrophilic carboxonium ion leading to the cyclization (Scheme 1.3). [4]

Scheme 1. 2. Preparation of 1 – propanone derivative
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Scheme 1. 3. Cyclodehydration leading to the indene

1.1.2. Nazarov cyclization concept
Nazarov cyclization concept initiated in 1940’s by Ivan Nazarov is a method used in
organic chemistry to synthesize various cyclopentenone derivatives.

[5]

Since its inception, the

method has shown a great potential in medicinal and other branches of synthetic chemistry. [5] To
explore the concept’s potential, Suzuki and coworkers investigated a superacid-catalyzed
electrocyclization of 1-phenyl-2-propen-1-ones to 1-indanones.

[6]

The purpose of the study was

to provide evidence that the acid dependence of the cyclization involved an O, O – diprotonated
dication instead of an O – protonated monocation. [6] In fact, a series of kinetic measurements
was conducted to identify the reaction mechanism and the substituents’ effect on the cyclization
of α, β – unsaturated ketones i.e chalcones. [6] The rate measurements consisted in elucidating the
reaction dependence on acidity by using a TfOH/TFA acid systems (mixed at varying ratios to
give a range of acid strengths). [6] The rate constant of the cyclization was plotted against the
Hammet acidity function Ho and a linear acidity – rate relationship indicated a second protonation
of the phenyl enone during the cyclization (Scheme 1.4). [6]
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Scheme 1. 4. Dicationic intermediates formation during Nazarov cyclization

The investigation was further expanded by reacting the enone with deuterated triflic acid
to identify the protonation sites of the intermediates.

[6]

The indanone was observed to be

monodeuterated only at C2 – position which suggested that the alkene moiety did not contribute to
the protonation.

[6]

The study also showed that an O, O – diprotonation is thermodynamically

favored over O, C – diprotonation and therefore the O, O – diprotonation solely contributes to the
electrocyclization of the chalcone. In other words, the oxygen double protonation generates a
superelectrophilic activation and through resonance leads to the onium – carbenium intermediate.
That intermediate creats a pentadienium character by delocalizing the positive charge. [6] This
triggers the 4π – electrocyclization involving the π – electrons of a phenyl ring (Schemes 1.4). [6]

1.2. Current project overview
Our current project is an extension of Nazarov cyclization developed by Suzuki et al.
(1997) to heterocyclic indanones. The project was conducted in two phases. In the first phase, we
prepared a series of β – substituted enones from pyridinecarboxaldehydes and various aromatic
ketones. The enones were used as substrates and reacted with superacids to provide N-heterocyclic
substituted indanones. It is proposed that the pyridinium ring of the substrates should also provide

5
a superelectrophilic activation leading to Nazarov reaction products. The substrate scope was
examined in the second phase of the work.
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CHAPTER II
SYNTHESIS OF HETEROCYCLIC INDANONES FROM β–SUBSTITUTED ENONES

2.1. Introduction
Indanones and their derivatives are organic substrates widely used as building blocks or
synthetic intermediates. [7] They have also found applications in medicinal chemistry as anti-viral
and anti-bacterial,[8] anti-cancer,[9] cardiovascular drug,[10] anti-Alzheimer drugs,[10] and as
pesticides[11] (Scheme 2.1).

anti – viral[8]

anti – bacterial[8]

anti – Alzheimer[10]
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anti – cancer[9]

cardiovascular drug[10]

pesticides[11]

Scheme 2. 1. Examples of practical applications for 1-indanones

In recent years, several methods from the literature have been suggested for the synthesis
of indanones and their derivatives. For instance, a case of non-conventional methods was
investigated for the synthesis of 1-indanones and the study showed that microwave irradiation
(MW), high-intensity ultrasound (US) and high-pressure conditions could be used to synthesize 1indanones through intra-molecular Friedel-Craft acylation of 3- aryl propionic acids. [12] The main
objective through this investigation was not only to develop a greener chemistry that generates less
toxic products or by-products but also to cut down the reaction time
(Scheme 2.2). [12]

Scheme 2. 2. Intramolecular Friedel-Craft acylation of 3-(4-methoxyphenyl) propionic acid in
microwave under optimal conditions
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Several synthetic routes published in the literature have proven to be useful for the
synthesis of indanones. Unlike those published procedures, our approach is new because it uses a
novel type of superelectrophile involving the formation of a dicationic intermediate and a
superelectrophilic activation by the pyridinium as mentioned in chapter 1.

2.2. Preparation of heterocyclic indanones
2.2.1. Synthesis of β-substituted enones as intermediates
2.2.1.1. Aldol condensation
Enones are α, β-unsaturated ketones usually synthesized through Claisen-Schmidt aldol
condensation between an aldehyde and a ketone in presence of a base (Scheme 2.3 & 2.4). [13]

Scheme 2. 3. Aldol condensation reaction between a methyl ketone and an aldehyde

Scheme 2. 4. Mechanism of aldol condensation
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2.2.1.2. Results and discussions
The substituted enones are synthesized by using procedures published in the literature. [14]
Two methods A and B were used for this synthesis (Table 2.1). The table entries are labeled with
an exponent indicating the method used.

Initially, the condensation reaction between

acetophenone and 2-pyridinecarboxaldehyde was examined. This conversion was accomplished
in good yield (63%, Table 2.1). Analysis by GC-MS and NMR (Figures 2.1, 2.2 & 2.3) confirm
its identity.

10

Figure 2. 1. GC/MS data of (E)-1-phenyl-3-(pyridin-2-yl) prop-2-en-1-one 1
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Figure 2. 2.1H NMR of (E)-1-phenyl-3-(pyridin-2-yl) prop-2-en-1-one 1
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Figure 2. 3. 13C NMR of (E)-1-phenyl-3-(pyridin-2-yl) prop-2-en-1-one (1)

Other aldol condensation reactions were tested, but they were all unsuccessful (Table 2.2).
To illustrate the success of aldol condensation, the data of compound 1[15] are presented in Figures
2.1, 2.2, 2.3. Figure 2.1 depicts the GC/MS fragmentation of the compound. For example, a signal
at m/z 209 confirms the molecular ion of the compound. As for Figure 2.2, it shows the coupling
patterns of the protons. Two doublets at δ 8.12 and 8.10 ppm represent the coupling from the two
olefin protons. Finally, Figure 2.3 shows the distribution of carbons and two peaks at δ 150.2 ppm
and 125.6 ppm representing the olefin carbons.
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Table 2.1: Summary of heterocyclic enones synthesized by aldol condensation

(Continued on following page)
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Table 2. 1: Continued

15
Table 2. 2. Unsuccessful aldol condensations

2.2.2. Synthesis of substituted indanones
With the β – substituted enones in hand, they were then used as substrates for the synthesis
of indanones through the Nazarov cyclization. We sought to use strong and superacid catalysts to
promote this chemistry (Scheme 2.5).

Scheme 2. 5. Nazarov cyclization of substituted heterocyclic enones into indanones
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2.2.2.1. Results and discussion
2.2.2.1.1. Synthesis of 3-(pyridin-2-yl)-2,3-dihydro-1H-indan-1-one (11)
The first attempt of the Nazarov cyclization with enone 1[15] was conducted in presence of
excess trifluoromethanesulfonic acid (93 equivalents; also known as triflic acid) at room
temperature for 24h. However, analysis of the product mixture revealed that only the enone 1[15]
was present. The next attempt consisted in conducting the same reaction at elevated temperature
(80°C). After the reaction work-up, a black solid product (11) was recovered in 99% yield (Scheme
2.6).

1[15]

11
Scheme 2. 6. Cyclization of enone 1 into indanone 11

The characterization data for indanone 11 are shown in Figures 2.5, 2.6 and 2.7. The
GC/MS spectrum on Figure 2.5 shows a f at m/z 209 corresponding to the indanone’s molecular
ion with a retention time of 11.5 minutes. This m/z value is the same as for the enone substrate
1[15]; however, a closer examination of the fragmentation pattern clearly shows that the two
compounds are different. TLC analysis also confirms this difference with Rf values of 0.44 for the

[15]

enone substrate 1
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and 0.2 for the indanone 11. For the H NMR on Figure 2.6, a doublet of
1

doublet at δ 4.5 ppm and two doublets of doublet around 3 ppm (top – red spectrum) suggest a
coupling between the methine proton and the two methylene protons.
On Figure 2.7, we can observe two peaks at δ 46.5 ppm and 44.6 ppm (top – red spectrum)
corresponding respectively to the methylene and methine carbons. These three figures confirm
along TLC plate confirm that the cyclization of enone 1[15] into indanone 11 has occurred.
The data for all the synthesized indanones are listed in appendices.

18

Figure 2. 4. GC/MS spectrum of indanone 11
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Figure 2. 5. Comparison of 1H NMR between indanone 11 and its substrate enone 1
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Figure 2. 6. Comparison of 13C NMR between indanone 11 and its substrate enone 1

2.2.2.1.2. Synthesis of 3-(pyridin-4-yl)-2,3-dihydro-1H-indan-1-one (12)
In this case, the enone 2[15] was first reacted with excess concentrated sulfuric acid both at
room and elevated temperatures overnight. But the two reactions yielded the starting material, as
was the case when the same enone was reacted with triflic acid (30 equivalents) at room
temperature. However, a cyclization occurred when the enone was dissolved in chloroform and
reacted with triflic acid at 80°C overnight. The indanone (12) was recovered in 100% yield
(Scheme 2.7).
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2[15]

12
Scheme 2. 7. Cyclization of enone 2 into indanone 12

2.2.2.1.3. Synthesis of 5-methoxy-3-(pyridin-4-yl)-2,3-dihydro-1H-indan-1-one
The methoxy-substituted enone 3[16] was dissolved in chloroform and reacted with 10
equivalents of triflic acid at room temperature. After an overnight reaction, it gave back the enone.
When the reaction with 58 equivalents of triflic acid was then conducted at 80°C overnight without
chloroform, the final product completely decomposed. The last attempt consisted in dissolving the
enone in benzene before adding the triflic acid at room temperature overnight, but the cyclization
was still unsuccessful (Scheme 2.8).

3[16]
Scheme 2. 8. Unsuccessful cyclization of enone 3 into indanone

2.2.2.1.4. Synthesis of 5-methyl-3-(pyridin-4-yl)-2,3-dihydro-1H-indan-1-one (13)
The reaction of methyl-substituted enone 4[16] was conducted in similar fashion as the
aforementioned enones. First, the substrate was reacted with excess triflic acid (25 equivalents) at
room temperature overnight. Second, the enone was dissolved in benzene and reacted with triflic
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acid (47 equivalents) at room temperature overnight. After the reaction work-up, TLC and GC/MS
analyses revealed that the starting material did not cyclize in both attempts. Finally, when the
reaction was conducted in triflic acid (45 equivalents) at 80°C overnight, the corresponding
indanone (13) was formed in 51% yield (Scheme 2.9).

4[16]

13

Scheme 2. 9. Cyclization of enone into the corresponding indanone

2.2.2.1.5. Synthesis of 7-amino-3-(pyridin-4-yl)-2,3-dihydro-1H-indan-1-one
When enone 5[17] was reacted with superacids under various conditions, only starting
material was observed as a major component of the product mixtures (Scheme 2.10 & Table 2.4)

5[17]
Scheme 2. 10. Unsuccessful cyclization of enone 5
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Table 2. 3: Conditions for the cyclization of enone 5
Solvent

Reagent

Reagent eq

Temperature (°C) Time Results

CHCl3
-

TfOH
TfOH
TfOH / TFA

75
39
45 / 53

rt
80
80

24h
24h
24h

NR
NR
NR

C6H6

TfOH

45

rt

24h

NR

C6H6

TfOH

45

110

24h

NR

Many reasons could explain these unsuccessful attempts of enone 5[17] cyclization. One
possible reason is that the electron donating amino group in ortho position decreases the
electrophilicity of the carbonyl group’s carbon. Another reason could be that the anilinyl group
can engage into a resonance that will prevent the nucleophilicity of the phenyl group. These
reasons could cause a deactivation of the superelectrophile and therefore the cyclization does not
occur regardless of the reaction conditions.

2.2.2.1.6. Synthesis of 4,5,6-trimethoxy-3-(pyridin-4-yl)-2,3-dihydro-1H-indan-1-one
The reaction was all conducted in triflic acid (100 equivalents) at 80°C but the crude
mixture analysis revealed that the cyclization did not occur (Scheme 2.11).

6[18]
Scheme 2. 11. Unsuccessful synthesis of trimethoxy-substituted indanone
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2.2.2.1.7. Synthesis of 3-(pyridin-4-yl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (14)
For this synthesis, the solid enone 7[19] was reacted with excess triflic acid (80 equivalents)
at 80°C overnight and the cyclization resulted in a 100% yield as confirmed by TLC, GC/MS,
NMR and COSY (Scheme 2.12, Figures 2.7, 2.8, 2.9 and 2.10).

7[19]

14
Scheme 2. 12. Preparation of indanone 14

25

Figure 2. 7. GC/MS of indanone 14
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Figure 2. 8. Comparison of 1H NMR between substrate enone 7 and indanone 14
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Figure 2. 9. 13C NMR of indanone 14
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Figure 2. 10. COSY of indanone 14

2.2.2.1.8. Synthesis of 7-nitro-3-(pyridin-2-yl)-2,3-dihydro-1H-indan-1-one
The nitro-substituted enone 8[20] was mixed with triflic acid (50 equivalents) at room
temperature and 80°C overnight. However, the cyclization did not occur in either cases (Scheme
2.13).

8[20]
Scheme 2. 13. Unsuccessful cyclization of en-1-one 8 into indanone
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2.2.2.1.9. Synthesis of bromo-substituted indanones
The bromo-substituted enones 9[21] and 10[16] reactions with excess triflic acid were both
performed at 80°C overnight, but none of the substrates generated the corresponding indanone
(Scheme 2.14).

Scheme 2. 14. Reactions of bromo-substituted enones with triflic acid
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Table 2. 4: List of synthesized indanones from β – substituted enones

2.3. Conclusions
The results of this first phase of the project revealed that the presence of the pyridine ring
on the enone’s β – position favored the 4π electrocyclization in adequacy with our hypothesis
(Scheme 2.15 & Table 2.5).
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Scheme 2.15: Comparison of electrocyclization processes

Besides, a wide range of acetophenone derivatives with EDG and EWG at different
positions (ortho, meta and para) were used to investigate the phenyl substituents’ effect on the
cyclization. After the investigation, some enones with electron donating (3[16], 5[17] and 6[18]) and
others with electron withdrawing (8[20], 9[21] and 10[16]) substituents did not cyclize into indanones.
Many reasons could explain this unsuccessful cyclization. In the case of EWGs, they could pull
the electron density and thus weaken the nucleophilicity of the phenyl ring and disrupt the
cyclization. As for the EDGs, the aromatic ring gets protonated and this deactivates the ring.
Moreover, in all cases investigated, the cyclizations appeared to occur only at elevated
temperature in presence of triflic acid whereas in Shudo’s work, the reactions were conducted at
0°C and 25°C. Therefore, the presence of pyridine ring increases the activation energy in our
project. Furthermore, Bronsted acids weaker than triflic such as H2SO4 and TFA did not generate
the cyclization irrespective of the reaction conditions applied.
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2.4. Experimental section
2.4.1. General procedures for the synthesis of enones
The data for the enones’ synthesis are not presented in this document as the compounds
have all been reported in the literature. [15][16][17][18][19][20][21]
Method A.

[14]

In a 25 ml round bottom flask containing a stir bar, 1.2 mmol of the

appropriate aldehyde was added at once to a mixture of 5 ml of methanol and 2eq of NaOH. In an
addition funnel, 1 mmol of the appropriate ketone was mixed with 1 ml of methanol and added
dropwise to the round bottom flask over 30 min. The reaction mixture was stirred for 12h on ice
bath (0 - 10°C). At the end of the reaction, if a solid product was formed, it was filtered and washed
with 2 x 5 ml portions of hexane and 2 x 5 ml portions of ether to eliminate any traces of ketone
and aldehyde. The product was then air dried and weighed to give a yield. If an oil product is
formed, it was then extracted with 5 ml portions of dichloromethane. The organic layer was washed
successively with 5 ml of water, 5 ml of brine and dried over sodium sulfate. The oily enone was
concentrated by rotavapor and purified by column chromatography with hexane/ethyl acetate (1:1)
as the eluent.
Method B.

[14]

In a 50 ml round bottom flask containing a magnetic stir, was added

sequentially 5 ml of methanol, 1 mmol of the substituted acetophenone, 2 mmol of the heterocyclic
aldehyde, 0.3 mmol of piperidine and the mixture was allowed to reflux for 24h. The reaction
mixture was cooled at room temperature, quenched with 5 ml of a saturated ammonium chloride
solution, and then extracted with dichloromethane. The organic layer is washed with 1 x 5 ml
portion of water, 1 x 5 ml portion of brine and then dried over sodium sulfate. The enone was
concentrated by rotavapor and purified by column chromatography with hexane/ethyl acetate
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(1:1). The enones prepared through this procedure are shown with B exponent on the entries (Table
2.1.).

2.4.2. General procedure for the synthesis of indanones
The procedure requires using a pressure tube which is dried overnight in the oven, cooled
down, and then flushed with an inert gas. To this pressure tube containing a stir bar, was added 1
mmol of the appropriate enone and then slowly 22 mmol (2 ml) of triflic acid. For solid enones,
they were weighed and added directly, whereas oily enones were first dissolved in 2 ml of
chloroform before they were transferred to the tube. The pressure tube was sealed, and the reaction
mixture heated at 80°C for 24h. At the end, the tube was cooled down at room temperature and its
content poured in a 150 ml beaker containing 10 g of ice and a stir bar. The tube was rinsed with
5 ml of chloroform to ensure that all the content was transferred to the beaker. Next, the excess
triflic acid was neutralized by adding 2 ml portions of sodium bicarbonate while stirring the
mixture. The neutralization is done until the pH is >7 (monitored by pH paper). The crude is then
transferred to a separatory funnel, extracted and washed sequentially with 1 x 5 ml of water and 2
x 5 ml of brine. In the final steps, the combined organic layers were dried over sodium sulfate,
concentrated

by

rotavapor

and

purified

by

column

chromatography

dichloromethane/methanol (95:5) as eluent to afford the corresponding indanone.

with
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2.4.3. Experimental data

Chemical formula: C14H11NO
3-(pyridin-2-yl)-2,3-dihydro-1H-indan-1-one (11). Black solid product, 49.9 mg, 99%; mp 97 103°C. 1H NMR (300 MHz, CDCl3). δ 8.56 (d, J = 3.51 Hz, 1H), 7.83 (d, J = 7.62 Hz, 1H), 7.66
(td, J = 7.68 Hz, J = 1.77 Hz, 2H), 7.57 (td, J = 7.52 Hz, J = 1.14 Hz, 1H), 7.44 – 7.27 (m, 2H),
7.18 (t, J = 6.69 Hz, 1H), 4.78 (dd, J = 3.87 Hz, J = 3.81 Hz, 1H), 3.21 (dd, J = 9.92 Hz, J = 7.89
Hz, 1H), 3.00 (dd, J = 3.96 Hz, J = 3.93 Hz, 1H). 13C NMR (75 MHz, CDCl3). δ 205.7, 162.1,
156.6, 149.8, 136.9, 134.9, 128.0, 126.5, 123.7, 122.1, 46.5, 44.6. Low-resolution mass spectrum
(EI): 209 (M+), 181, 167, 152, 127, 103, 77, 51.

Chemical formula: C14H11NO
3-(pyridin-4-yl)-2,3-dihydro-1H-indan-1-one (12). Black oil product, 120 mg, 100%. 1H NMR
(300 MHz, CDCl3). δ (ppm), 8.5 (d, J = 25.62 Hz, 2H), 7.83 (d, J = 7.62 Hz, 1H), 7.61 (td, J = 7.41
Hz, J = 1.17 Hz, 1H), 7.46 (t, J = 7.47 Hz, 1H), 7.26 (d, J = 7.98 Hz, 1H), 7.06 (d, J = 5.76 Hz,
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2H), 4.6 (dd, J = 3.75 Hz, J =3.72 Hz, 1H), 3.24 (dd, J = 8.19 Hz, J = 8.19 Hz, 1H) 2.65 (dd, J =
3.81 Hz, J = 3.81 Hz, 1H). 13C NMR (75 MHz, CDCl3). δ (ppm), 204.7, 155.9, 152.5, 150.3, 136.8,
135.3, 128.5, 126.7, 123.8, 122.9, 45, 9, 43.7. Low-resolution mass spectrum (EI): 209 (M+), 181,
167, 152, 127, 103, 77, 51.

Chemical formula: C15H13NO
5-methyl-3-(pyridin-4-yl)-2,3-dihydro-1H-indan-1-one (13). Green solid product, 14.4 mg,
51%. 1H NMR (300 MHz, CD3OD). δ (ppm): 8.5 (s, 2H), 7.62 (d, J = 7.83 Hz, 1H), 7.31 (d, J =
7.83, 2H), 7.22 (d, J = 5.22 Hz, 1H), 7.09 (s, 1H), 4.66 (dd, J = 7.89 Hz, J = 3.57 Hz, 1H), 3.2 (dd,
J = 18.95 Hz, J = 8.07, 1H), 2.63 (dd, J = 18.97 Hz, J = 3.75 Hz, 1H), 2.35 (s, 3H).

13

C NMR (75

MHz, CDCl3). δ (ppm): 204.3, 157.4, 152.9, 150.4, 146.6, 134.4, 129.9, 127.2, 123.5, 123.3, 45.6,
43.0, 21.9. Low-resolution mass spectrum (EI): 223 (M+), 208, 194, 180, 165, 152, 145, 115, 102,
89, 75, 63, 51.
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Chemical formula: C18H13NO
3-(pyridin-4-yl)-2,3-dihydro-1H-cyclopenta[a]naphthalen-1-one (14). greenish oil product,
120 mg, 100%; 1H NMR (500 MHz, CDCl3). δ (ppm): 9.23 (d, J = 8.35 Hz, 1H), 8.07 (d, J = 8.45
Hz, 2H), 7.93 (d, J = 8.15 Hz, 2H), 7.76 (td, J = 7.65 Hz, J = 1.2 Hz, 1H), 7.64 (td, J = 7.6 Hz , J
= 1.1 Hz, 1H), 7.28 (d, J = 8.4 Hz, 2H), 7.13 (d, J = 1.65, 1H), 4.65 (dd, J = 7.8 Hz, J = 3.25 Hz,
1H), 3.38 (dd, J = 18.88 Hz, J = 7.9 Hz, 1H), 2.78 (dd, J = 18.9 Hz, J = 3.3 Hz, 1H). 13C NMR (75
MHz, CDCl3), δ (ppm): 205.2, 158.6, 152.4, 150.2, 136.6, 133.0, 129.5, 129.0, 128.2, 127.3, 124.3,
123.4, 46.5, 43.8, 29.7. Low-resolution mass spectrum (EI): 259 (M+), 230, 216, 202, 181, 152,
139, 126, 115, 101, 76, 51.

CHAPTER III
SYNTHESIS OF HETEROCYCLIC INDANONES FROM α, β–DISUBSTITUTED
ENONES

3.1. Introduction
In the first phase of this work we provided confirmation that Shudo and coworkers’
findings were applicable to the cyclization of β–substituted enones. In the second phase, we seek
to expand the scope of Nazarov cyclization to α, β–disubstituted enones. For this second phase,
we prepared a series of heterocyclic aromatic ketones used as substrates for the synthesis of our α,
β–disubstituted enones. Then, the enones were used as starting materials for the synthesis of
indanones.

3.2. Synthesis of heterocyclic ketones
This step is the first one towards the synthesis of enones. The ketones have been
synthesized by using mainly two methods (that we labeled C and D) published in the literature.
For the first method (C), a methyl – substituted aromatic amine was reacted with a strong base at
-78°C and then reacted with benzonitrile to form a substituted lithium ethylidene amide
intermediate that was hydrolyzed with aqueous hydrochloric acid to afford the ketone (Scheme
3.1). [22]
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Scheme 3. 1. Process of synthesizing heterocyclic ketones

The second method (D) for preparing the heterocyclic ketones involves a Weinreb amide
substrate. This method is similar to the one described in Scheme 3.1 except that the amide is used
instead of benzonitrile after the aromatic amine is deprotonated. [23] The hydrolysis step is therefore
excluded from the process (Schemes 3.2 & 3.3).

Scheme 3. 2. Preparation of Weinreb amide
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Scheme 3. 3. Synthesis of heterocyclic ketones through Weinreb amide route

3.2.1. Results and discussion
The results for the synthesis of heterocyclic ketones are presented in Table 3.1.

Table 3. 1: Synthesized heterocyclic ketones
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Except compound 17, all the prepared ketones have been reported in the literature.
Compound 17 appeared on GC/MS but the presence of by-products and starting materials made it
difficult to purify and isolate the ketone. Even though compounds 18[25] and 19[26] were isolated in
low yields, they were still used in the next step of enone formation. The spectra (NMR and GC/MS)
of ketone 15[22] are presented in Figures 3.1, 3.2 and 3.3. Figure 3.1 depicts the fragmentation
patterns of the ketone particularly the one at m/z 196 corresponding to M – 1. In Figure 3.2, the
presence of a singlet at δ 4.5 ppm corresponds to the two protons of the methylene group as is the
case in Figure 3.3 where the methylene’s carbon appears around δ 49 ppm. These figures confirm
the identity of ketone 15[22]. The signal at 2.2 ppm corresponds to acetone solvent impurity (Figure
3.2).
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Figure 3. 1. GC/MS spectrum of 1-phenyl-2-(pyridin-2-yl) ethenone 15
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Figure 3. 2. 1H NMR of 1-phenyl-2-(pyridin-2-yl) ethanone 15
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Figure 3. 3. 13C NMR of 1-phenyl-2-(pyridin-2-yl) ethenone 15[22]

3.3. Preparation of substituted aromatic enones
After the synthesis of ketones, the next step consisted in using them as substrates for the
preparation of α, β–disubstituted aromatic enones through methods published in the literature. The
ketones were reacted with a wide variety of aliphatic and aromatic aldehydes to afford the enones.
This procedure involved using piperidine and glacial acetic acid as catalysts at refluxing
temperature (Scheme 3.4). [27]
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Scheme 3. 4. Synthetic route for the preparation of α, β–disubstituted aromatic enones

3.3.1 Results and discussions
When ketone 15[22] was reacted with excess of formaldehyde (4.4 equivalents), an
olefination occurred at the α – carbon as indicated by TLC (Scheme 3.5). and after the work – up,
the new enone is reacted directly with triflic acid without any further purification. The reason for
this immediate use stems from the fact that primary α, β – olefins tend to degrade fast when stored
for a longer time even under refrigeration. [27]

Scheme 3. 5. Synthesis of 1-phenyl-2-(pyridin-2-yl) prop-2-en-1-one (R = H)

Under the optimal conditions, a series of enones were synthesized (Table 3.2). A literature
search indicates that enones 20 – 24 are new compounds. By the condensation chemistry, several
were prepared in excellent yields (96-98%). Compound 24 was obtained in 96% yield by
condensation of 4-pyridinecarboxaldehyde and ketone 15. The spectroscopic data is fully
consistent with structure 24. Owing to the ease of synthesis of ketone 15, this was used as the
primary scaffold in the synthetic chemistry.
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Table 3. 2: Synthesized heterocyclic α, β–disubstituted enones

The data for enone 24 are presented in Figures 3.4, 3.5 and 3.6
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Figure 3. 4. GC/MS of enone (24)
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Figure 3. 5. 1H NMR of enone 24

Figure 3. 6. 13C NMR of enone 24
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The singlet at δ 7.7 ppm (Figure 3.5), the signal at δ 150 ppm (Figure 3.6), characteristic
of the methine carbon and the signal at m/z 285 (Figure 3.4) with retention time at 21.5 minutes
(Figure 3.4), confirm the identity of enone 24.
Other aldehydes have also been considered in the expansion of the reaction scope; however, the
condensation reactions were unsuccessful (Table 3.3).
The results in Table 3.2 show a large disparity among percent yields. Compound 23 was
obtained in low yield suggesting that electron – donating groups or aliphatic chains of aldehydes
may hinder the olefination step. This assertion is even confirmed by entries 3, 5, 6, 7 and 8 that
did not form the corresponding enones (Table 3.3).
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Table 3.3: Unsuccessful olefination reactions
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3.4. Synthesis of heterocyclic aromatic indanones
After the enones were prepared and characterized, they were reacted with superacids to
induce a cyclization under various conditions (Scheme 3.6).

Scheme 3. 6. Process of synthesizing heterocyclic aromatic indanones

3.4.1. Results and discussions
When 1-phenyl-2-(pyridin-2-yl) prop-2-en-1-one was formed (Scheme 3.5), it was reacted
with triflic acid without any further purification; therefore, the yield of compound 25 was
calculated between the indanone and the ketone.
When the same aforementioned process was applied to the 4 – methyl pyridine, it led to an
enone and further to the indanone, but the characterization of the latter was not effective as the
NMR data may have suggested the occurrence of a keto – enol tautomerization (Scheme 3.7) or
that the cyclization was unsuccessful. Alternatively, the corresponding enone (entry 2, Table 3.2)
may not have been cleanly formed.

Scheme 3. 7. Tautomers of 4-pyridinyl indanones

The results of this preparation are summarized in Table 3.5
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Table 3. 3. Record of conditions applied to the synthesis of indanones
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The results (Table 3.4) showed that indanone 25 was formed in 47% yield. This relatively
low value could be explained by the fact that some amount of the intermediate enone might have
partially degraded at room temperature before the triflic acid step. Besides, the GC/MS spectrum
displayed a split of two peaks (Figure 3.7) with a retention time at 12.1 minutes corresponding to
molecular ion. This splitting may suggest the occurrence of isomeric products. The double peak
may also be due to keto – enol tautomers having the same molecular weight (Figure 3.7).
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Figure 3. 7. GC/MS spectrum of enone 25

Figure 3. 8. 1HNMR of enone 25
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Figure 3. 9. 1HNMR of enone 25

For entries 2, 6, 7 and 8, the cyclization reactions were unsuccessful. In the case of entries
6, 7 and 8, many trials were conducted to generate the cyclization. For the first attempts, the parentenone 23 was reacted with triflic acid respectively at elevated and room temperatures. In another
trial, the substrate was reacted with a 1:1 ratio of TfOH/TFA at room temperature. After these
various trials, only TLC analysis displayed a spot of the compounds, but GCMS and NMR did not
provide any useful information despite the analysis by high temperature NMR (50°C).
As for compounds 26 and 27, the respective parent-enones 20 and 21 were analyzed and they
require a further purification and an update of the corresponding yields. Those enones were used
as such for the triflic acid step.
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3.4.2. Proposed mechanism
We propose the following mechanism for our current project for the conversion of α, β–
disubstituted enones into heterocyclic aromatic indanones (Scheme 3.8).

Scheme 3. 8. Mechanism of α, β–disubstituted enone conversion into indanone

In this mechanism, the 2 – pyridinyl ring is used as a default even though other heterocyclic
ring substituents are also considered in the project.

3.5. Conclusions
A comparison between our results and Shudo’s findings confirms our hypothesis that
Nazarov cyclization can be used to convert α, β–disubstituted enones into indanones (Scheme 3.9).
Consequently, the presence of a pyridine ring on the α – carbon and another substituent on the β carbon tends to favor the dicationic intermediate formation and a further cyclization. The
conversions were obtained at 0°C and room temperature as was the case in Shudo’s investigation.
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Scheme 3. 9. Comparison of superelectrophilic systems between Shudo’s findings and the
second phase of the current project.

Our current project demonstrates an additional challenge due to the formation of
stereogenic centers in the cyclized indanones. These asymmetric carbons tend to create an overlap
of peaks in the spectra making them challenging for interpretation in the case of indanones labeled
as unsuccessful.

3.6. Experimental Section
3.6.1. General procedure for the synthesis of heterocyclic enones.
In a 50 ml round bottom flask containing a stir bar, were added sequentially 5 ml of
methanol, 1 mmol of a ketone (Table 3.1), 1.2 mmol of the appropriate aldehyde, 2 mmol of
piperidine and 2 mmol of glacial acetic acid. The substrates were dissolved, and the mixture
refluxed for 24h. At the end of the process, the reaction mixture was cooled at room temperature
and quenched with 1 x 5 ml portion of sodium bicarbonate. The crude mixture was then extracted
with 3 x 5 ml portions of dichloromethane and the combined organic layers were washed with 1 x
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10 ml of water and 1 x 10 ml of brine. The crude enone was dried over sodium sulfate, filtered,
concentrated under reduced pressure and purified by column chromatography with
dichloromethane/methanol (95:5) as the eluent.

3.6.2. Experimental procedure for the synthesis of indanones
Scheme 3.6 and Table 3.5 give a detailed explanation for the synthesis of indanones. As
for the reaction work-up, it is similar to the one described in paragraph 3.4.2.

3.6.3. Experimental data

Chemical formula: C20H16N2O
(E)-2-(5-methylpyrazin-2-yl)-1,3-diphenylprop-2-en-1-one (20). Yellow oil, 128.4 mg, 98%.
Low-resolution mass spectrum (EI): 299 (M+-1), 271, 195, 127, 105, 77, 51.

Chemical formula: C19H14N2O
(E)-1-phenyl-2,3-di(pyridin-2-yl) prop-2-en-1-one (21). Black oil product, 137.8 mg, 98%
Low-resolution mass spectrum (EI): 286 (M+), 269, 257, 209, 180, 154, 128, 105, 77, 51.
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Chemical formula: C20H15NO
(E)-1,3-diphenyl-2-(pyridin-2-yl) prop-2-en-1-one (22). Yellow solid product, 71.2 mg, 77%
yield; mp: 69 – 75°C. 1H NMR (300 MHz, CD3CN). δ (ppm): 8.6 (d, J = 4.17 Hz, 1H), 7.86 (d, J
= 7.79 Hz, 2H), 7.71 (td, J = 7.73 Hz, J = 1.77 Hz, 1H), 7.6 (t, J = 7.38Hz, 1H), 7.5 (t, J = 7.62 Hz,
2H), 7.41 (s, 1H), 7.33 – 7.21 (m, 5H), 7.08 (d, J = 7.14 Hz, 2H). 13C NMR (75 MHz, CD3CN) δ
(ppm): 196.9, 156.4, 149.8, 141.0, 140.8, 138.2, 136.5, 134.6, 132.3, 129.9, 129.4, 129.2, 128.4,
128.3, 125.4, 122.8. Low-resolution mass spectrum (EI): 285 (M+), 256, 208, 180, 165, 152, 127,
113, 79, 63, 51.

Chemical formula: C22H19NO
(E)-3-(2,5-dimethylphenyl)-1-phenyl-2-(pyridin-2-yl) prop-2-en-1-one (23). Yellow oil, 53.7
mg, 31% yield. 1H NMR (300 MHz, CDCl3). δ 8.63 (d, J = 4.17 Hz, 1H), 8.04 (s, 1H), 7.9 (d, J =
7.2 Hz, 2H), 7.64 (td, J = 7.74 Hz, J = 1.77 Hz, 1H), 7.44 – 7.27 (m, 3H), 7.19 (t, J = 6.14 Hz, 2H),
7.00 (s, 1H), 6.95 (d, J = 7.68 Hz, 1H), 6.84 (d, J = 7.65 Hz, 1H), 2.38 (s, 3H), 2.09 (s, 3H). 13C
NMR (125 MHz, CDCl3). δ 199.3, 155.6, 149.8, 140.3, 137.3, 136.7, 135, 134.3, 133.7, 133.2,
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132.3, 129.8, 129.7, 129.2, 128.4, 122.5, 121.3, 20.7, 29.7, 19.7. Low-resolution mass spectrum
(EI): 313 (M+), 298, 284, 270, 208, 193, 180, 167, 152, 128, 115, 105, 77, 63, 51.

Chemical formula: C19H14N2O
(E)-1-phenyl-2-(pyridin-2-yl)-3-(pyridin-4-yl) prop-2-en-1-one (24). Yellow solid, 133.4 mg,
96% yield. 1H NMR (500 MHz, (CD3)2CO). δ (ppm): 8.54 (d, J = 4.75 Hz, 1H), 8.45 (d, J = 4.25
Hz, 2H), 7.97 (d, J = 7.1 Hz, 2H), 7.87 (s, 1H), 7.83 (td, J = 7.83 Hz, J = 1.8Hz, 1H), 7.65 (d, J =
8.05 Hz, 1H), 7.59 (t, J= 7.4 Hz, 1H), 7.46 (t, J= 8.1 Hz, 2H), 7.34 – 7.3 (m, 4H). 13C NMR (125
MHz, (CD3)2CO). δ (ppm): 197.7, 154.9, 150.0, 149.6, 144.2, 142.3, 137.1, 136.6, 133.9, 129.1,
128.9, 128.6, 123.4, 123.0, 121.0. Low-resolution mass spectrum (EI): 285 (M+-1), 257, 180, 152,
127, 115, 105, 77, 63, 51.

Chemical formula: C14H11NO
2-(pyridin-2-yl)-2,3-dihydro-1H-indan-1-one (25). Greenish oil, 100.1 mg, 47% yield. 1H NMR
(500 MHz, CDCl3); δ (ppm): 8.55 (d, J = 4.65Hz, 1H), 7.8 (d, J = 7.65Hz, 1H), 7.7 (t, J = 7.35 Hz,
1H), 7.73 – 7.2 (m, 4H), 7.09 (d, J = 7.95Hz, 1H), 5.75 (s, 1H), 3.7 (d, J = 17.34Hz, 1H), 3.58 (d,
J = 17.34 Hz, 1H). 13C NMR (75 MHz, CD3OD); δ (ppm): 205.6, 161.7, 153.1, 148.2, 137, 135.7,
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134.2, 127.6, 126.4, 124.2, 122.4, 120.2, 81.2, 43.2. Low-resolution mass spectrum (EI): 209 (M+),
196, 181, 168, 152, 139, 126, 106, 91, 78, 65, 51.

Chemical formula: C20H16N2O
2-(5-methylpyrazin-2-yl)-3-phenyl-2,3-dihydro-1H-inden-1-one (26). Dark oil product, 93
mg, 72% yield. 1H NMR (300 MHz, CD3CN); δ (ppm): 8.41 (d, J = 22.4 Hz, 1H), 8.32 (s, 2H),
8.00 (d, J = 1.44 Hz, 1H), 7.8 (d, J = 7.35 Hz, 2H), 7.72 (td, J = 7.44Hz, J = 1.17 Hz, 1H), 7.56
(dd, J = 7.44 Hz, J = 2.31 Hz, 1H) 7.41 – 7.19 (m, 3H), 5.08 (d, J = 5.13 Hz, 1H), 4.12 (d, J =
5.13 Hz, 1H), 2.51 (s, 3H). 13C NMR (75 MHz, CD3CN); δ (ppm): 203. 4, 162.8, 156.9, 152.8,
150.3, 144.2, 142.3, 140.7, 139.8, 135.6, 128.9, 128.1, 127.6, 126.6, 124.1, 123.4, 51.3, 50.1,
20.4.

Chemical formula: C19H14N2O
2,3-di(pyridin-2-yl)-2,3-dihydro-1H-indan-1-one (27). Black solid product, 137.8 mg, 100%
yield, mp: 125 – 135°C. 1H NMR (300 MHz, (CD3)2CO). δ (ppm): 8.5 (d, J = 4.3 Hz, 2H), 8.09
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(d, J = 4.33 Hz, 1H), 7.46 (t, J = 3.54 Hz, 2H), 7.64 (ddd, J = 9.96 Hz, J = 9 Hz, J = 1.83 Hz, 2H),
7.5 – 7.3 (m, 3H), 7.2 (td, J = 6.12 Hz, J = 0.93 Hz, 2H), 7.0 (td, J = 6.14 Hz, J = 1.02 Hz, 2H).13C
NMR (75 MHz, (CD3)2CO). δ (ppm): 196.7, 154.7, 153.2, 149.6, 148.5, 142.8, 138.2, 136.7, 136.5,
132.1, 129.2, 128.3, 128.2, 124.9, 122.9, 122.3, 121.2. Low-resolution mass spectrum (EI): 286
(M+), 269, 257, 209, 180, 154, 128, 105, 77, 63, 51.

Chemical formula: C20H15NO
3-phenyl-2-(pyridin-2-yl)-2,3-dihydro-1H-indan-1-one. Yellow solid product, 130 mg, 97%
yield; mp: 135 – 145°C. 1H NMR (500 MHz, CDCl3). δ (ppm): 8.61 (d, J = 3.95 Hz, 1H), 8.14 (d,
J = 5.45 Hz, 1H), 7.88 (d, J = 7.7 Hz, 1H), 7.72 (d, J = 7.5 Hz, 1H), 7.69 - 678 (m, 7H), 6.67 (d, J
= 8.45Hz, 2H), 5.27 (d, J = 4.7 Hz, 1H), 3.98 (d, J = 4.75 Hz, 1H). 13C NMR (125 MHz, CDCl3).
δ (ppm): 204.2, 171.8, 154.5, 149.9, 148.9, 142.0, 137.5, 128.9, 128.7, 127.7, 127.0, 126.8, 124.2,
120.2, 118.6, 116, 66.0, 51.4, 50.2. Low-resolution mass spectrum (EI): 285 (M+-1), 256, 208,
180, 165, 152, 127, 113, 101, 79, 63, 51.
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2-(pyridin-2-yl)-3-(pyridin-4-yl)-2,3-dihydro-1H-indan-1-one (29). Dark green oil product,
52.3 mg, 100% yield. 1H NMR (500 MHz, CDCl3). δ (ppm): 8.48 (d, J = 8.6 Hz, 1H), 8.09 (d, J =
9.15 Hz, 1H), 7.72 – 7.09 (m, 4H), 6.8 (t, J = 10.6 Hz, 2H), 6.52 (d, J = 14.15 Hz, 2H), 5.34 (d, J
= 7.85 Hz, 1H), 3.9 (d, J = 8 Hz, 1H). 13C NMR (75 MHz, CDCl3). δ (ppm): 202.9, 173.2, 156.4,
155, 153.8, 151, 150.3, 149.8, 147.1, 141.7, 139.4, 137.9, 136.7, 135.7, 135.6, 129, 128.6, 127.6,
126.6, 124.8, 124.4, 124.1, 122.5, 120.6, 118.2, 116.1, 107.3, 50, 49.2. Low-resolution mass
spectrum (EI): 283 (M+-3), 256, 227, 210, 200, 176, 150, 127, 114, 100, 87, 78, 63, 51.
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