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Abstract: Chemistry of nitro groups and nitro compounds has long been intensively studied. Despite
their long history, new reactions and methodologies are still being found today. This is due to the
diverse reactivity of the nitro group. The importance of nitro chemistry will continue to increase
in the future in terms of elaborate synthesis. In this article, we will take a walk through the recent
advances in nitro chemistry that have been made in past decades.

Keywords: nitro group; conjugate addition; 1,3-Dipole; electron-withdrawing ability; electrophilicity;
nitration; nitronate; nucleophilicity

1. Introduction

The chemistry of nitro compounds began at the beginning of the 19th century and has developed
together with organic chemistry; in the 20th century, various reactivity properties of nitro groups were
elucidated. Nitro compounds play an important role as building blocks and synthetic intermediates
for the construction of scaffolds for drugs, agricultural chemicals, dyes, and explosives. In the world,
millions of tons of nitro compounds are synthesized and consumed every year. In the 21st century,
researchers’ attentions gradually shifted to the use of nitro compounds in the elaborate syntheses
such as controlling reactivity and stereochemistry. Development of new synthetic methods has also
progressed using a combination of the diverse properties of nitro groups in past decades. Indeed,
numerous methodologies are reported in current scientific journals. In this article, I would like to touch
lightly on the recent advances in the chemistry of nitro compounds. For more information, please see
the review articles cited in the references.

2. Nitration

Nitration is one of the fundamental chemical conversions. Conventional nitration processes involve
HNO3 alone or in combination with H2SO4, and this method has remained unchallenged for more than
150 years. Although other nitrating agents have been employed in a laboratory, these are not applicable
to large-scale reactions because harsh conditions are sometimes necessary. The conventional methods
also suffer from large amounts of waste acids and difficulty of regiocontrol [1,2]. These problems are
overcome by using solid acids such as zeolites. High para-selective nitration was achieved by using
tridirectional zeolites Hβ [3] because of the steric restriction when substrate is adsorbed in the zeolite
cavity [4].

Suzuki et al. developed an excellent nitration method using NO2 and O3, referred to as the Kyodai
method [5]. This reaction proceeds efficiently even at low temperature. The addition of a small amount
of a proton acid or Lewis acid enhances reactivity of the substrate to enable the polynitration.

Since nitrating agents also serve as strong oxidants, nitro compounds are often accompanied by
oxidation products [6]. In order to avoid the formation of byproducts and regioisomers, ipso-nitration
methods have been developed. Wu et al. showed metal-free nitration using phenylboronic acid and
t-BuONO to afford nitrobenzene [7]. Furthermore, Buchwald et al. reported palladium catalyzed
ipso-nitration method using chlorobenzene and commercially available NaNO2 [8].

Molecules 2020, 25, 3680; doi:10.3390/molecules25163680 www.mdpi.com/journal/molecules1
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With the recent development of research on transition metal-catalyzed C-H activation, various
skeletons have been constructed. Nitroaromatic compounds are obtained by this protocol, in which
the directing group facilitates the regioselective nitration [9].

3. Reactivity and Application

The versatile reactivity of the nitro compounds family originates from the diverse properties
of the nitro group. The strong electron-withdrawing nitro group reduces the electron density of the
scaffold framework through both inductive and resonance effects, which undergoes reactions with
nucleophiles or single-electron transfer. Makosza et al. indicated that reactions of nitroarenes with
nucleophiles proceed through either direct nucleophilic attack forming σ-adduct or single-electron
transfer forming a radical-ion pair [10–12].

The α-hydrogen is highly activated by the adjacent strong electron-withdrawing ability of the
nitro group, which facilitates the α-arylation upon treatment of nitroalkanes with various arylating
reagents leading to pharmaceutically active molecules [13]. The α-hydrogen is also acidic to attract
basic reagents that are close together, and the spatial proximity undergoes an efficient reaction—
similar to an intramolecular process—to afford polyfunctionalized compounds, which are referred to
as a pseudo-intramolecular process [14]. The acidic hydrogen accelerates the tautomerism between
nitroalkane and nitronic acid, among which the latter reveals high electrophilicity to react with carbon
nucleophiles [15].

The nitro group stabilizes α-anion (nitronate ion), which serves as a nucleophile. Recently,
the stereoselective Henry reaction (with aldehydes) [16,17] and nitro-Mannich reaction (with imine) [18]
have been established, leading to enantiomerically rich β-nitroalcohols and β-nitroamines, respectively.
Recent advances are noteworthy for the asymmetric organocatalytic conjugate addition of nitroalkanes
to α,β-unsaturated carbonyl compounds [19,20]. Nitro group activates the connected carbon–carbon
double bond, which serves as an excellent Michael acceptor to construct versatile frameworks [21–23].
These reactivities reveal significant utility in elaborate syntheses. Indeed, a lot of natural products
have been synthesized using stereoselective reactions [24].

Nitro group also activates the connected carbon–carbon triple bond, however, it is too reactive to
be used practically. The first synthesis of nitroalkyne was achieved in 1969 by Viehe [25]. During the
subsequent half century, development of the synthetic methods and studies on reactivity, as well as
physical/chemical properties, has progressed [26].

Deprotonated nitroalkane (nitronate) is characterized by the dual nature of nucleophilic and
electrophilic properties. Indeed, versatile reactivities are used for synthesizing complex frameworks [27,28].
The dual nature of the nitronate also facilitates the 1,3-dipolar cycloadditions leading to functionalized
heterocyclic compounds, which are not readily available by an alternative method [29,30].

Besides activating ability for the scaffold, the nitro group also serves as a good leaving group in
organic reactions. A carbon–carbon double bond is formed upon the elimination of a HNO2 from
nitroalkane, which was energetically studied by Ballini et al. [12,31]. The combination of roles as
an activator and as a leaving group enables the synthesis of polyfunctionalized compounds [32,33].
Furthermore, nitrobenzenes can be used as substrates for the transition-metal catalyzed cross-coupling,
in which the nitro group is substituted with various nucleophiles [34].

Moreover, synthetic utility of the nitro group is improved by adding the chemical conversion to
the abovementioned properties. The most fundamental transformation of the nitro group is reduction,
which converts a nitro group to nitroso, oxime and amino groups. Vast numbers of combinations of
catalysts and reducing agents have been developed for this purpose. Especially, recent progress of
reduction using metal nanoparticles is noteworthy [35–37]. The landmark of the functional group
conversion is the Nef reaction, which transforms a nitroalkane to the corresponding ketone. Since the
first report at the end of 19th century [38], the usefulness of this reaction has not diminished, and it
is still widely used in organic syntheses [39]. The chemical diversity of a nitro group enables us to
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construct a compound library possessing versatile electronic structure, which is helpful for developing
new functional materials such as dyes and optical/electronic materials [40].

Due to the unique chemical behavior (reactivity and functional group conversions),
nitro compounds serve as the synthetic intermediates for various types of compounds. In addition,
nitro compounds themselves reveal specific properties. The explosive materials have been used in
various situations such as the construction industry, mining minerals, processing metals and synthesis
of nanomaterials, in which nitro compounds have played an important role [41]. Recent progress in this
area provided more powerful explosive nitro compounds containing plural nitrogen. Although nitro
compounds seem to be common in artificial materials, natural products containing a nitro group have
been isolated from plants, fungi, bacteria, and mammals [42]. Accordingly, they exhibit biological
activity. Indeed, many drugs containing a nitro group have been developed [43,44].

4. Conclusions

Chemistry of the nitro group and nitro compounds has been energetically investigated for a
long time. Despite the long history including numerous reports, new reactions and methodologies
are found even now. The unique physical/chemical properties of the nitro group will facilitate the
progress of organic/inorganic chemistry and material science. Hence, nitro chemistry will continue to
be increasingly important in the future.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: A number of novel 6-R-isoxazolo[4,3-b]pyridines were synthesized and their reactions with
neutral C-nucleophiles (1,3-dicarbonyl compounds, π-excessive (het)arenes, dienes) were studied.
The reaction rate was found to be dependent on the nature of the substituent 6-R. The most reactive
6-nitroisoxazolo[4,3-b]pyridines are able to add C-nucleophiles in the absence of a base under
mild conditions. In addition, these compounds readily undergo [4+2]-cycloaddition reactions on
aromatic bonds C=C(NO2) of the pyridine ring, thus indicating the superelectrophilic nature of
6-NO2-isoxazolo[4,3-b]pyridines.

Keywords: nitro group; nitropyridines; isoxazolo[4,3-b]pyridines; 1,4-dihydropyridines; nucleophilic
addition; Diels-Alder reaction; dearomatization

1. Introduction

The nitro group is considered to be a versatile and unique functional group in organic chemistry.
Synthetic and natural compounds containing nitro groups display great structural diversity [1,2],
and they exhibit a wide range of biological activities [3] including antibiotic [1], antitumor [1,4],
and anti-HIV activities [5–7]. In addition, nitroarenes are used as agrochemical preparations [8,9],
energetic compounds [10] and in the production of innovative materials [11].

It is well known that the introduction of one or more nitro groups in aromatic or heteroaromatic
nucleus increases the electron-deficient character of the molecule. Such compounds have been
extensively studied in recent decades due to their interesting, sometimes exceptional, properties.
Their high susceptibility to undergoing nucleophilic addition or substitution processes with very weak
nucleophiles has raised considerable interest, leading to numerous synthetic, biological, and analytical
applications [12–31].

Such compounds possess extremely high reactivity towards carbon and heteroatomic nucleophiles,
therefore a special term, “superelectrophile”, was coined in order to distinguish them from other
electrophilic aromatics [26,32]. Typical examples of such compounds are given below (Figure 1).

Molecules 2020, 25, 2194; doi:10.3390/molecules25092194 www.mdpi.com/journal/molecules7
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Figure 1. Selected examples of superelectrophiles.

In addition, these compounds are capable to undergo [4+2]-cycloadditions to the C=C(NO2)
aromatic bond, behaving as electron-poor dienophiles with dienes, or as heterodienes with electron-rich
dienophiles within normal or inverse electronic demands, respectively [16,33–35]. The above-mentioned
interactions with nucleophiles or dienes resulted in dearomatization of the initial aromatic nitro
compound. At the same time, dearomatization as a method of converting accessible, cheap, and simple
aromatic compounds into more saturated, inaccessible and promising intermediates of greater molecular
complexity is a very important approach in modern organic chemistry [36,37].

This work is part of our ongoing research on highly electrophilic systems and the application of
the dearomatization strategy in the synthesis of new polyfunctional azaheterocycles [38–48]. We have
previously shown that nitropyridines fused with π-deficient heterocycles (furoxan A, selenadiazole B),
Scheme 1, react with neutral nucleophiles with the formation of 1,4-addition products—dihydropyridine
derivatives [45,46,48].

Scheme 1. Reactions of condensed nitropyridines with nucleophiles.

Another possible condensed pyridines structurally close to heterocyclic systems A and B and
presumably having a similar electron-deficient character are isoxazolo[4,3-b]pyridines C, Figure 2.
The present work is devoted to the synthesis of pyridine derivatives condensed with an isoxazole
ring and study of their interaction with various neutral C-nucleophiles as well as their behavior in
[4+2]-cycloaddition reactions.

Figure 2. Pyridines fused with high-electrophilic heterocycles.

2. Results and Discussion

2.1. Synthesis of 6-R-Isoxazolo[4,3-b]pyridines 3a–j

6-R-Isoxazolo[4,3-b]pyridines 3a–j were synthesized according to a two-steps procedure,
previously described in the literature for 3j [49]. Commercially available 2-chloro-3-nitropyridines
1a–e used as starting compounds were involved in Sonogashira cross-coupling with terminal alkynes

8
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to give 2-alkynylpyridines 2a–j. In turn, the cycloisomerization of compounds 2a–j in the presence of
catalytic amounts of iodine(I) chloride gave the desired 6-R-3-acylisoxazolo[4,3-b]pyridines 3a–j in
good yields, Scheme 2, Table 1.

Scheme 2. Synthesis of 6-R-isoxazolo[4,3-b]pyridines 3a–j.

Table 1. Isolated yields of compounds 2a–j and 3 a–j.

Compound 1 R R′ Product 2, Yield (%) Product 3, Yield (%)

1a NO2 Ph 2a, 72 3a, 85
1a NO2 4-Me-C6H4 2b, 63 3b, 87
1a NO2 4-F-C6H4 2c, 61 3c, 72
1a NO2 c-C3H5 2d, 84 3d, 74
1a NO2 c-C5H9 2e, 82 3e, 71 *
1a NO2 n-C5H11 2f, 35 3f, 80 *
1b CO2Me Ph 2g, 76 3g, 65
1c CF3 Ph 2h, 42 3h, 73
1d Cl Ph 2i, 40 3i, 60
1e H Ph 2j, 82 3j, 80

* The yield is shown for the crude product.

In the case of compounds 2e and 2f, 1H NMR spectroscopy showed that, along with the expected
isoxazolo[4,3-b]pyridines, the formation of minor unidentified products (5–10%) occurred. All attempts
to isolate target compounds in their pure forms failed, therefore compounds 3e,f were used without
further purification. The structure of compounds 2 and 3 was established on the basis of NMR and
HRMS data, and for compounds 2a, 2c, 3b it was additionally confirmed by X-Ray analysis.

2.2. X-ray of 2a, 2c, 3b

The crystals of 2a and 2c are isostructural with minor differences in the unit cell parameters.
All bonds, bond angles and torsion angles are typical as confirmed by a Mogul geometry check [50].
The bond angles at the triple bond C2-C7-C8 (176.11(14) and 176.37(15)◦) and C7-C8-C9 (174.20(14) and
171.90(16)◦ in 2a and 2c) deviate from the idealized value of 180◦ for linear conformation. The angles
between the average planes of nitro groups and pyridine group are within the range 7.09(17)–12.44(14)◦,
despite the presence of the short intramolecular contact O1···C7 (2.6763(17) and 2.6580(18) Å in 2a

and 2c). Pyridine and phenyl rings are nearly co-planar with interplane angles equal to 5.97(5) and
5.61(5)◦. In crystal packing, a head-to-tail arrangement of the molecules is observed with π-stacking
interaction between formally acceptor dinitro substituted pyridine ring and phenyl moieties (C···C from
ca. 3.3 Å). All other intermolecular contacts are weak and non-directional.

The crystal of 3b is a first example of determined crystal structure containing isoxazolo[4,3-b]pyridine
ring, Figure 3. The distribution of bond distances in the heterocycle (N1-O2 1.4109(18), O2-C3 1.3487(19),
C3-C3A 1.378(2), N1-C7A 1.330(2), C3A-C7A 1.426(2) Å) is quite similar to the one found in a number
of benzo[c]isoxazoles found in Cambridge Structural Database and confirms the canonical structure
shown in Figure 3. Due to steric reasons, the heterocycle and tolyl substituents are non-coplanar with
O2-C3-C8-C9 torsion angle equal to 48.4(2)◦. In crystal molecules, infinite π-stacks (C···C from ca. 3.4 Å)
of alternating molecules with head-to-tail arrangement of heterocycles and tolyl fragments are formed.
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Figure 3. General view of 3b in crystal. Anisotropic displacement parameters for non-hydrogen atoms
are drawn at 50% probability.

2.3. Nucleophilic Addition to 6-R-Isoxaxolo[4,3-b]pyridines

We studied the interaction of isoxazolo[4,3-b]pyridines 3 with neutral C-nucleophiles: CH acids
and π-excessive (het)arenes. It was found that nitro derivatives 3a–d react with all ranges of used
nucleophiles under mild conditions (MeCN, room temperature, base-free), forming 1,4-addition
products, 4a–m, Scheme 3. As in the case of A [45], β-dicarbonyl compounds react with 3 in enolic form.
The reaction rate was similar to that of superelectrophiles A and B [45,46] (Scheme 1), thus indicating
the high electrophilicity of isoxazolo[4,3-b]pyridine system. Some of the reactions proceeded almost
immediately after mixing the reagents, the others were completed within an hour.

The methoxycarbonyl derivative 3g forms adducts 4n,o with 1,3-dicarbonyl compounds somewhat
slower: full conversion of starting material required 2–3 h without the addition of a base. 6-Unsubstituted
isoxazolopyridine 3j gave the adduct 4p with most acidic dimedone after 4 h stirring, Scheme 3.
Surprisingly, we were unable to isolate any adducts of isoxazolo[4,3-b]pyridines 3h and 3i containing
electron-withdrawing Cl and CF3 groups in position 6. The application of more drastic conditions (MeCN,
80 ◦C) was not effective; the starting compounds were recovered. The reason for the observed reactivity
is not clear, however, we can conclude that the ability of 6-R-isoxazolo[4,3-b]pyridines to add neutral
C-nucleophiles depends on the substituent 6-R and decreases in the following order

NO2 > CO2Me > H� Cl,CF3

 

Scheme 3. Cont.
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Scheme 3. Reactions of 6-R-isoxazolo[4,3-b]pyridines 3 with nucleophiles.

The structures of compounds 4 were established on the basis of NMR spectroscopy and HRMS data.
In 1H NMR spectra of adducts 4, the signals corresponding to H(7) protons in the range of 5.0–5.5 ppm,
as well as downfield signals of NH protons (9.8–10.4 ppm) and H(5) at 8.1 ppm, were observed as doublets
with close coupling constants. This confirms the nucleophilic addition at position 7 and is consistent with
the results obtained previously for other highly electrophilic azolopyridines [45,46,48].

2.4. 6-NO2-Isoxazolo[4,3-b]pyridines in Diels-Alder Reactions

The ability to add weak (neutral) nucleophiles is one of the features inherent to superelectrophilic
aromatic systems. However, increasing the electrophilicity leads to a decrease in aromaticity. Therefore,
(hetero)aromatic superelectrophiles are prone to undergo [4+2]-cycloaddition with dienes or nucleophilic
dienophiles [16,26,32–35].

We found that only 6-NO2-isoxazolo[4,3-b]pyridines 3a–f are able to give cycloaddition products
in Diels-Alder reactions with 2,3-dimethyl-1,3-butadiene while compounds 3g–j with other substituents
at position 6 were unreactive. This once again highlights the originality of the nitro group among other
electron-withdrawing functional groups and its impact on the electrophilicity of the aromatic systems.

Reactions of compounds 3a–f with 2,3-dimethyl-1,3-butadiene were carried out in CH2Cl2 or
CHCl3 at room temperature (Scheme 4, Table 2). The C=C–NO2 fragment of a pyridine ring acts
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as a dienophile and the process proceeds in accordance with normal electron demands. However,
in all cases, instead of the expected adducts 5, we isolated compounds 6a–g —products of the further
addition of H2O to a C=N-double bond.

Scheme 4. [4+2]-Cycloaddition reactions of 6-NO2-isoxazolo[4,3-b]pyridines 3a–f.

Table 2. Isolated yields of compounds 6a–g.

Compound 3 R′ R” Product 6, Yield (%)

3a Ph OH 6a, 74
3b 4-Me-C6H4 OH 6b, 80
3c 4-F-C6H4 OH 6c, 73
3d c-C3H5 OH 6d, 80
3e c-C5H9 OH 6e, 51
3f n-C5H11 OH 6f, 35
3b 4-Me-C6H4 OEt 6g, 42

The intermediate adducts 5a–g are likely to be unstable and exhibit an extremely high tendency
to react with nucleophiles (e.g., water) to form compounds 6a–g in good yields. Carrying out the
reaction in an inert atmosphere, the additional purification of all solvents did not allow us to isolate
compounds 5. Apparently the formation of products 6 occurs on contact with air moisture at the
isolation step. Reaction of 3b with dimethylbutadiene in chloroform (stabilized with 1.5% EtOH)
gave compound 6g—the product of EtOH addition. In our opinion, this fact indirectly confirms the
hypothesis of the high electrophilicity of compounds 5.

The structure of cycloadducts 6 was proved by 2D NMR spectroscopy experiments (COSY,
1H-13C HMBC, 1H-13C HSQC). For compounds 6a and 6d, the full assignment of hydrogen and carbon
atoms in the NMR spectra was made. NMR experiments confirmed the proposed addition of a diene at
the C=C(NO2) bond, Figure 4.

Figure 4. Selected interactions in 2D HMBC spectra of compounds 6a,d.

Cross peaks corresponding to H(5)-C(3a), as well as H(9a)-C(1a) and H(9a)-C(8) interactions
were observed in the 1H-13C HMBC spectra of these compounds. In addition, we observed the
coupling of two nonequivalent protons H(9) with the H(9a) proton. Such interactions were described
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earlier for similar cycloadducts of pyridofuroxan A (Figure 2) [34]. These data allowed us to make an
unambiguous conclusion about the direction of cycloaddition and hydration.

3. Conclusions

A number of new 6-R-isoxazolo[4,3-b]pyridines were synthesized, starting from 2-chloro-3-
nitropyridines. It was found that, in reactions with neutral C-nucleophiles, the reactivity of 6-R-isoxazolo
[4,3-b]pyridines depends on the nature of the substituent 6-R. 6-Nitro derivatives were found to add
1,3-dicarbonyl compounds andπ-excessive arenes and hetarenes to the pyridine ring under mild conditions
to form the corresponding 1,4-adducts. In addition, reactions with 2,3-dimethyl-1,3-butadiene led to
[2+4]-adducts on the aromatic bonds C=C(NO2) of the pyridine ring. The condensed 3,4-dihydropyridines
thus formed easily, adding the molecule of water to C=N double bond to give polyfunctionalized
tetrahydropyridine derivatives. All the above properties of 6-nitroisoxazolo[4,3-b]pyridines make it
possible to classify compounds of this class as superelectrophiles.

4. Materials and Methods

4.1. General Information

All chemicals were of commercial grade and used directly without purification. Melting points
were measured on a Stuart SMP 20 apparatus. 1H and 13C NMR spectra were recorded on Bruker
AC-200 (at 200 and 50 MHz, respectively), Bruker AM-300 (at 300.13 and 75.13 MHz, respectively),
Bruker Avance DRX 500 (at 500 and 125 MHz, respectively) or Bruker Avance II 600 spectrometer
(at 600 and 150 MHz, respectively) in DMSO-d6 or CDCl3. IR spectra were recorded on BrukerAlpha
spectrometer, and the samples were prepared as KBr pellets. HRMS spectra were recorded on a
Bruker micrOTOF II mass spectrometer using ESI. All reactions were monitored by TLC analysis using
ALUGRAM SIL G/UV254 plates, which were visualized by UV light. Compounds 1a–e were purchased
from commercial suppliers. Compounds 2j and 3j were synthesized according to the method [48].
X-ray data collection was performed on a Bruker APEX II diffractometer equipped with Apex II
CCD detector and operating with MoKα radiation (λ = 0.71073 Å). Frames were integrated using
the Bruker SAINT software package [51] by a narrow-frame algorithm. A semi-empirical absorption
correction was applied with the SADABS program [52] using the intensity data of equivalent reflections.
The structures were solved with a dual-space approach with SHELXT program [53] and refined by
the full-matrix least-squares technique against F2

hkl in anisotropic approximation with SHELXL [54]
software package. All hydrogen atoms were placed in calculated positions and refined in the riding
model, with Uiso(H) constrained to be 1.5Ueq and 1.2Ueq of the parent methyl and all other carbon atoms.
Detailed crystallographic information is given in Table S3 in Supplementary Materials. Crystallographic
data have been deposited to the Cambridge Crystallographic Data Centre, CCDC 1983530-1983532 can
be retrieved free of charge via https://www.ccdc.cam.ac.uk/structures.

4.2. Synthesis of Compounds 2a–i

A mixture of the appropriate 2-chloropyridine 1 (5 mmol), PdCl2(PPh3)2 (0.17 g; 5 mol-%),
and Et3N (1.01 g; 10 mmol) was suspended in anhydrous THF (20 mL). The appropriate acetylene
(5.5 mmol) was then injected under argon, followed by addition of CuI (0.02 g; 2.5 mol-%). The reaction
mixture was stirred under argon at 40 ◦C temperature until full completion (1–3 h, completion observed
by TLC). Solvent was evaporated under the reduced pressure; the crude residue was purified by
column chromatography (elution by chloroform).

3,5-Dinitro-2-(phenylethynyl)pyridine (2a). 72%. Orange powder. M.p. 183–185 ◦C. 1H NMR (300 MHz,
CDCl3): δ 7.45–7.54 (m, 3H, Ph.), 7.74–7.76 (d, J = 7.2 Hz, 2H, Ph), 9.17 (s, 1H, H4), 9.63 (s, 1H,
H6). 13C NMR (75 MHz, DMSO-d6): δ 85.1, 100.9, 119.9, 128.7, 129.2, 131.3, 132.4, 142.3, 146.2, 148.3.
HRMS (ESI) calc. for [C13H8N3O4]+ [M + H]+ 270.0509, found 270.0514.
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3,5-Dinitro-2-(p-tolylethynyl)pyridine (2b). 63%. Orange powder. M.p. 203–205 ◦C. 1H NMR (300 MHz,
CDCl3): δ 2.46 (s, 3H, Me), 7.30 (d, J = 8.0 Hz, 2H, p-Tolyl), 7.66 (d, J = 8.0 Hz, 2H, p-Tolyl), 9.18 (d,
J = 2.2 Hz, 1H, H4), 9.63 (d, J = 2.2 Hz, 1H, H6). 13C NMR (75 MHz, DMSO-d6): δ 21.3, 84.9, 101.6, 116.8,
128.6, 129.8, 132.4, 139.8, 141.7, 142.1, 146.0, 148.3. HRMS (ESI) calc. for [C14H10N3O4]+ [M +H]+ 284.0666,
found 284.0669.

3,5-Dinitro-2-((4-fluorophenyl)ethynyl)pyridine (2c). 61%. Orange powder. M.p. 170–172 ◦C. 1H NMR
(200 MHz, DMSO-d6): δ 7.40 (t, J = 8.5 Hz, 2H, 4F-Ph), 7.78 (dd, J = 7.9, 5.7 Hz, 2H, 4F-Ph), 9.21 (d,
J = 2.2 Hz, 1H, H4), 9.65 (d, J = 2.2 Hz, 1H, H6). 13C NMR (75 MHz, DMSO-d6): δ 85.0, 99.8, 128.8, 116.7 (d,
2JC–F = 22.5 Hz), 116.6, 116.0, 130.6, 135.2 (d, 3JC–F = 9.2 Hz), 139.6, 142.3, 146.1, 147.2, 148.4, 163.5 (d,
1JC–F = 251.5 Hz). HRMS (ESI) calc. for [C13H7FN3O4]+ [M +H]+ 288.0415, found 288.0417.

2-(Cyclopropylethynyl)-3,5-dinitropyridine (2d). 84%. Orange powder. M.p. 128–130 ◦C. 1H NMR
(300 MHz, CDCl3): δ 1.09–1.18 (m, 4H), 1.68 (dt, J = 13.1, 6.6 Hz, 1H), 9.08 (d, J = 2.1 Hz, 1H, H4),
9.53 (d, J = 2.1 Hz, 1H, H6). 13C NMR (75 MHz, DMSO-d6): δ 0.4, 9.9, 72.1, 109.5, 128.4, 141.7, 148.0.
HRMS (ESI) calc. for [C10H8N3O4]+ [M + H]+ 234.0509, found 234.0517.

2-(Cyclopentylethynyl)-3,5-dinitropyridine (2e). 32%. Orange oil. 1H NMR (300 MHz, CDCl3):
δ 1.75–1.64 (m, 2H), 1.87 (m, 4H), 2.10 (m, 2H), 3.04 (p, J = 7.2 Hz, 1H), 9.08 (d, J = 2.1 Hz, 1H,
H4), 9.55 (d, J = 2.1 Hz, 1H, H6). 13C NMR (75 MHz, CDCl3): δ 25.3, 31.2, 33.2, 76.5, 112.5, 127.9, 141.3,
142.0, 146.1, 147.7. HRMS (ESI) calc. for [C12H12N3O4]+ [M + H]+ 262.0822, found 262.0816.

2-(Hept-1-yn-1-yl)-3,5-dinitropyridine (2f). 35%. Orange oil. 1H NMR (300 MHz, CDCl3): δ 0.78–1.06 (m,
3H), 1.25–1.55 (m, 4H), 1.74 (p, J = 7.0 Hz, 2H), 2.63 (t, J = 7.1 Hz, 2H), 9.08 (d, J = 2.1 Hz, 1H, H4), 9.56 (d,
J = 2.1 Hz, 1H, H6). 13C NMR (75 MHz, CDCl3): δ 14.0, 20.4, 22.3, 27.5, 31.2, 108.8, 112.6, 128.0, 128.4,
141.5, 142.2, 147.8 HRMS (ESI) calc. for [C12H14N3O4]+ [M +H]+ 264.0979, found 264.0970.

Methyl-5-nitro-6-(phenylethynyl)nicotinate (2g) 76%. Orange powder. M.p. 117–119 ◦C. 1H NMR
(300 MHz, CDCl3): δ 4.05 (s, 3H, Me), 7.42–7.52 (m, 3H, Ph.), 7.71–7.74 (d, J = 7.2 Hz, 2H, Ph), 8.95 (d,
J = 1,3 Hz, 1H, H4), 9.39 (d, J = 1.3 Hz, 1H, H6). 13C NMR (75 MHz, CDCl3): δ 53.2, 85.4, 101.4, 121.0,
125.0, 128.7, 130.7, 133.0, 133.5, 140.5, 146.5, 153.9, 163.5. HRMS (ESI) calc. for [C15H11N2O4]+ [M + H]+

283.0713, found 283.0721.

3-Nitro-2-(phenylethynyl)-5-(trifluoromethyl)pyridine (2h) 42% Yellow powder. M.p. 124–126 ◦C. 1H NMR
(300 MHz, CDCl3): δ 7.47 (m, 3H, Ph), 7.73 (d, J = 6.5 Hz, 2H, Ph), 8.65 (s, 1H, H4), 9.09 (s, 1H, H6).
13C NMR (126 MHz, CDCl3): δ 84.8, 101.5, 120.9, 124.4 (q, 1JC–F = 273.0 Hz), 125.8, 128.8, 130.4 (q,
3JC–F = 3.7 Hz), 131.0, 133.1, 140.6, 146.1, 149.9 (q, 3JC–F = 3.5 Hz). HRMS (ESI) calc. for [C14H8F3N2O2]+

[M + H]+ 293.0532, found 293.0542.

5-Chloro-3-nitro-2-(phenylethynyl)pyridine (2i) 40%. M.p. 103–105 ◦C. 1H NMR (300 MHz, CDCl3):
δ 7.41–7.48 (m, 3H, Ph.), 7.69–7.71 (d, J = 6.8 Hz, 2H, Ph), 8.41 (d, J = 1.6 Hz, 1H, H4), 8.81 (d, J = 1.6 Hz,
1H, H6). 13C NMR (75 MHz, CDCl3): δ 84.5, 99.3, 121.3, 128.7, 130.4, 130.9, 132.3, 132.8, 135.5, 152.7.
HRMS (ESI) calc. for [C13H8ClN2O2]+ [M + H]+ 259.0269, found 259.0259.

4.3. Synthesis of Compounds 3a–i

Iodine monochloride (19.5 mg, 0.12 mmol) was added to a solution of the appropriate compound
2 (4 mmol) in dichloromethane (20 mL), and the resulting solution was heated under reflux until
full completion (4–8 h.). Solvent was evaporated under the reduced pressure; the crude residue was
purified by column chromatography (elution by dichloromethane).

(6-Nitroisoxazolo[4,3-b]pyridin-3-yl)(phenyl)methanone (3a) 85% Yellowish powder. M.p. 135–137 ◦C.
1H NMR (300 MHz, CDCl3): δ 7.63 (t, J = 7.7 Hz, 2H, Ph.), 7.77 (t, J = 7.4 Hz, 1H, Ph), 8.23 (d, J = 7.4 Hz,
2H, Ph) 9.08 (d, J = 2.2 Hz, 1H, H5), 9.55 (d, J = 2.2 Hz, 1H, H7). 13C NMR (75 MHz, CDCl3): δ 122.7,
129.7, 131.2, 134.9, 135.7, 135.9, 144.7, 149.6, 150.4, 163.0, 181.1. HRMS (ESI) calc. for [C13H8N3O4]+

[M + H]+ 270.0509, found 270.0508.
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(6-Nitroisoxazolo[4,3-b]pyridin-3-yl)(p-tolyl)methanone (3b) 87% Yellowish powder. M.p. 158–160 ◦C.
1H NMR (300 MHz, CDCl3): δ 2.52 (s, 3H, Me), 7.43 (d, J = 8.1 Hz, 2H, p-Tolyl), 8.14 (d, J = 8.2 Hz,
2H, p-Tolyl), 9.07 (d, J = 2.2 Hz, 1H, H5), 9.53 (d, J = 2.2 Hz, 1H, H7). 13C NMR (151 MHz, CDCl3):
δ 22.1, 122.1, 129.9, 130.8, 132.8, 134.1, 144.0, 146.5, 148.8, 149.7, 162.8, 180.0. HRMS (ESI) calc.
for [C14H10N3O4]+ [M + H]+ 284.0666, found 284.0669.

(4-Fluorophenyl)(6-nitroisoxazolo[4,3-b]pyridin-3-yl)methanone (3c) 72%. Yellowish powder. M.p. 115–117 ◦C.
1H NMR (300 MHz, CDCl3): δ 7.33 (d, J = 8.5 Hz, 2H, 4F-Ph), 8.32 (dd, J = 8.8, 5.3 Hz, 2H, 4F-Ph),
9.09 (d, J = 2.2 Hz, 1H, H5), 9.55 (d, J = 2.2 Hz, 1H, H7). 13C NMR (75 MHz, DMSO-d6): δ 116.5 (d,
2JC–F = 22.2 Hz), 122.1, 131.8, 133.5 (d, 3JC–F = 9.8 Hz), 134.3, 144.2, 149.1, 149.8, 163.8 (d, 1JC–F = 225.4 Hz),
168.7, 178.8. HRMS (ESI) calc. for [C13H7FN3O4]+ [M +H]+ 288.0415, found 288.0411.

Cyclopropyl(6-nitroisoxazolo[4,3-b]pyridin-3-yl)methanone (3d) 74%. Yellowish powder. M.p. 118–120 ◦C.
1H NMR (300 MHz, CDCl3): δ 1.32-1.37 (m, 2H), 1.53–1.56 (m, 2H), 3.43–3.51 (m, 1H), 9.06 (d, J = 2.2 Hz,
1H, H5), 9.54 (d, J = 2.2 Hz, 1H, H7). 13C NMR (75 MHz, CDCl3): δ 14.3, 20.3, 122.3, 133.4, 148.9, 150.0,
161.4, 188.0. HRMS (ESI) calc. for [C10H8N3O4]+ [M +H]+ 234.0509, found 234.0521.

Methyl-3-benzoylisoxazolo[4,3-b]pyridine-6-carboxylate (3g) 65%. Yellowish powder. M.p. 114–116 ◦C.
1H NMR (300 MHz, CDCl3): δ 4.07 (s, 3H, Me), 7.61 (t, J = 7.6 Hz, 2H, Ph.), 7.74 (t, J = 7.4 Hz, 1H, Ph),
8.25 (d, J = 7.5 Hz, 2H, Ph), 8.85 (d, J = 1.7 Hz, 1H, H5), 9.36 (d, J = 1.7 Hz, 1H, H7). 13C NMR (75 MHz,
CDCl3): δ 53.3, 127.6, 127.8, 128.9, 130.6, 134.6, 135.7, 150.8, 155.0, 161.4, 164.2, 165.8, 180.8. HRMS (ESI)
calc. for [C15H11N2O4]+ [M +H]+ 283.0713, found 283.0709.

Phenyl(6-(trifluoromethyl)isoxazolo[4,3-b]pyridin-3-yl)methanone (3h) 73%. Yellowish powder. M.p.
117–119 ◦C. 1H NMR (300 MHz, CDCl3): δ 7.62 (t, J = 7.6 Hz, 2H, Ph), 7.75 (t, J = 7.3 Hz, 1H, Ph),
8.24 (d, J = 7.8 Hz, 2H, Ph), 8.52 (s, 1H, H5), 8.98 (s, 1H, H7). 13C NMR (75 MHz, CDCl3): δ 122.5 (q,
1JC-F = 273.6 Hz) 123.5 (q, 2JC-F = 3.1 Hz), 126.1, 128.4, 128.7, 129.1, 130.0, 130.6, 134.1, 134.8, 135.6, 149.7,
151.1, 151.1, 161.9, 180.8. HRMS (ESI) calc. for [C14H8F3N2O2]+ [M + H]+ 293.0532, found 293.0533.

(6-Chloroisoxazolo[4,3-b]pyridin-3-yl)(phenyl)methanone (3i) 60%. Beige powder. M.p. 120–122 ◦C.
1H NMR (300 MHz, CDCl3): δ 7.61 (t, J = 7.6 Hz, 2H, Ph.), 7.74 (t, J = 7.4 Hz, 1H, Ph), 8.14 (d, J = 1.7 Hz,
1H, H5), 8.23 (d, J = 7.5 Hz, 2H, Ph), 8,71 (s, 1H, H7). 13C NMR (75 MHz, CDCl3): δ 121.8, 129.0, 130.6,
131.9, 133.8, 134.7, 135.7, 151.5, 155.5, 161.1, 180.9. HRMS (ESI) calc. for [C13H8ClN2O2]+ [M + H]+

259.0269, found 259.0276.

4.4. Synthesis of Compounds 4a–p

A mixture of the appropriate isoxazole 3 (0.5 mmol) and nucleophile (0.5 mmol) was dissolved in
anhydrous CH3CN (5 mL). The reaction mixture was stirred at r.t. until full completion (1–3 h, by TLC).
The solution was diluted with water (25 mL), and the obtained precipitate was filtered off.

2-(3-Benzoyl-6-nitro-4,7-dihydroisoxazolo[4,3-b]pyridin-7-yl)-5,5-dimethylcyclohexane-1,3-dione (4a) 79%.
Yellow powder. M.p. 244–246 ◦C. 1H NMR (DMSO-d6): δ 0.93 (s, 6H, 2Me), 2.25 (br.s, 4H, 2CH2 ),
5.75 (br.s, 1H, H7), 7.64 (t, J = 7.5 Hz, 2H, Ph), 7.75 (t, J = 7.3 Hz, 1H, Ph), 8.02 (d, J = 5.7 Hz, 1H, H5),
8.14 (d, J = 7.7 Hz, 2H, Ph), 10.56 (d, J = 6.1 Hz, NH). 13C NMR (75 MHz, DMSO-d6): δ 27.3, 28.0, 31.8,
42.6, 49.8, 50.0, 126.8, 129.1, 129.3, 134.2, 135.2, 137.5, 137.6, 146.3, 157.5, 172.6, 173.1, 180.8. HRMS (ESI)
calc. for [C21H20N3O6]+ [M + H]+ 410.1347, found 410.1340.

5-(3-Benzoyl-6-nitro-4,7-dihydroisoxazolo[4,3-b]pyridin-7-yl)-1,3-dimethylpyrimidine-2,4,6-(1H,3H,5H)-
trione (4b) 85%. Yellow powder. M.p. 234–235 ◦C. 1H NMR (300 MHz, DMSO-d6): δ 3.03 (s, 3H, Me),
3.17 (s, 3H, Me), 4.65 (s, 1H, CH), 5.52 (s, 1H, H7), 7.64 (t, J = 7.2 Hz, 2H, Ph), 7.76 (t, J = 7.2 Hz, 1H, Ph),
8.13 (d, J = 7.1 Hz, 3H, Ph and H5), 10.93 (d, J = 3.7 Hz, 1H, NH). 13C NMR (75 MHz, DMSO-d6):
δ 28.1, 28.3, 33.5, 33.8, 33.9, 52.4, 129.1, 129.4, 134.4, 139.7, 151.1, 166.2, 166.6, 180.6. HRMS (ESI) calc.
for [C19H16N5O7]+ [M + H]+ 426.1044, found 426.1037.
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2-(3-(4-Fluorobenzoyl)-6-nitro-4,7-dihydroisoxazolo[4,3-b]pyridin-7-yl)-5,5-dimethylcyclohexane-1,3-dione (4c)
73%. Yellow powder. M.p. 251–253 ◦C. 1H NMR (300 MHz, DMSO-d6): δ 0.93 (s, 6H, 2Me),
2.24 (br.s, 4H, 2CH2), 5.75 (s, 1H, H7), 7.48 (t, J = 8.8 Hz, 2H, 4F-Ph), 8.01 (s, 1H, H5), 8.23 (dd, J = 8.7,
5.6 Hz, 2H, 4F-Ph), 10.54 (d, J = 1.5 Hz, 1H, NH). 13C NMR (75 MHz, DMSO-d6): δ 27.4, 27.5, 31.7,
116.2 (d, 2JC–F = 22.1 Hz), 126.6, 126.8, 131.8, 132.4 (d, 3JC–F = 9.8 Hz), 137.3, 146.1, 157.4, 165.4 (d,
1JC–F = 253.5 Hz) 179.1. HRMS (ESI) calc. for [C21H19FN3O6]+ [M + H]+ 428.1252, found 428.1256.

2-(3-(Cyclopropanecarbonyl)-6-nitro-4,7-dihydroisoxazolo[4,3-b]pyridin-7-yl)-5,5-dimethylcyclohexane-1,3-
dione (4d) 84%. Yellow powder. M.p. 258–260 ◦C. 1H NMR (300 MHz, DMSO-d6): δ 0.92 (s, 6H, 2Me),
1.16 (s, 4H, 2CH2 (c-Pr)), 2.26 (br.s, 4H, 2CH2), 2.65 (s, 1H, CH), 5.71 (br.s, 1H, H7), 7.95 (s, 1H, H5),
10.39 (br.s, 1H, NH). 13C NMR (75 MHz, DMSO-d6): δ 12.0, 12.3, 18.2, 27.6, 31.7, 122.8, 126.1, 137.5,
146.2, 157.65, 189.6. HRMS (ESI) calc. for [C18H20N3O6]+ [M + H]+ 374.1346, found 374.1341.

5,5-Dimethyl-2-(3-(4-methylbenzoyl)-6-nitro-4,7-dihydroisoxazolo[4,3-b]pyridin-7-yl)-cyclohexane-1,3-dione (4e)
87%. Yellow powder. M.p. 225–227 ◦C. 1H NMR (300 MHz, DMSO-d6): δ 0.93 (s, 6H, 2Me), 2.43 (s, 3H,
Me, p-Tolyl), 5.75 (s, 1H, H7), 7.45 (d, J = 7.2 Hz, 2H, p-Tolyl), 7.98–8.13 (m, 3H, p-Tolyl and H5), 10.49 (d,
J = 6.7 Hz, 1H, NH). 13C NMR (75 MHz, DMSO-d6): δ 21.3, 27.2, 31.7, 129.4, 129.6, 132.6, 144.9, 157.3,
180.2. HRMS (ESI) calc. for [C22H22N3O6]+ [M +H]+ 424.1503, found 424.1505.

1,3-Dimethyl-5-(3-(4-methylbenzoyl)-6-nitro-4,7-dihydroisoxazolo[4,3-b]pyridin-7-yl)-pyrimidine-2,4,6(1H,3H,
5H)-trione (4f) 74%. Yellow powder. M.p. 241–243 ◦C. 1H NMR (300 MHz, DMSO-d6): δ 2.43 (s, 3H,
Me, p-Tolyl), 3.03 (s, 3H, Me), 3.17 (s, 3H, Me), 4.64 (s, 1H, CH), 5.51 (s, 1H, H7), 7.45 (d, J = 8.1 Hz,
2H, p-Tolyl), 8.06 (d, J = 8.1 Hz, 2H, p-Tolyl), 8.14 (d, J = 6.4 Hz, 1H, H5), 10.90 (d, J = 6.5 Hz, 1H,
NH). 13C NMR (75 MHz, DMSO-d6): δ 21.3, 28.1, 28.3, 33.8, 52.4, 124.1, 125.4, 129.6, 129.7, 132.3, 139.7,
145.3, 148.1, 151.1, 155.1, 166.2, 166.6, 180.1. HRMS (ESI) calc. for [C20H18N5O7]+ [M +H]+ 440.1201,
found 440.1197.

(7-(4-(Dimethylamino)phenyl)-6-nitro-4,7-dihydroisoxazolo[4,3-b]pyridin-3-yl)(p-tolyl)-methanone (4g) 76%.
Orange powder. M.p. 237–239 ◦C. 1H NMR (200 MHz, DMSO-d6): δ 2.40 (s, 3H, Me, p-Tolyl), 2.83 (s,
6H, 2Me), 5.62 (s, 1H, H7), 6.64 (d, J = 8.7 Hz, 2H, Ar), 7.08 (d, J = 8.4 Hz, 2H, p-Tolyl), 7.42 (d, J = 8.1 Hz,
2H, Ar ), 8.04 (d, J = 8.1 Hz, 2H, p-Tolyl), 8.21 (s, 1H. H5), 10.68 (s, 1H, NH). 13C NMR (75 MHz,
DMSO-d6): δ 21.3, 37.6, 40.1, 112.5, 124.4, 127.2, 127.7, 129.1, 129.5, 129.6, 132.4, 137.2, 145.0, 148.1, 149.7,
156.8, 180.1. HRMS (ESI) calc. for [C22H21N4O4]+ [M + H]+ 405.1557, found 405.1564.

(7-(1H-indol-3-yl)-6-nitro-4,7-dihydroisoxazolo[4,3-b]pyridin-3-yl)(p-tolyl)methanone (4h) 93%. Yellow powder.
M.p. 221–223 ◦C. 1H NMR (300 MHz, DMSO-d6): δ 2.40 (s, 3H, Me), 6.03 (s, 1H, H7), 6.99–7.38 (m, 7H,
indole and p-Tolyl), 8.05 (s, 2H, p-Tolyl), 8.23 (s, 1H, H5), 10.75 (s, 1H, NH), 11.07 (s, 1H, NH). 13C NMR
(126 MHz, DMSO-d6): δ 21.3, 30.4, 66.3, 111.8, 114.2, 118.1, 119.0, 121.3, 123.4, 123.6, 124.7, 125.0, 126.7,
129.5, 129.6, 132.4, 136.4, 136.9, 145.0, 147.9, 156.4, 180.1. HRMS (ESI) calc. for [C22H17N4O4]+ [M + H]+

401.1243, found 401.1240.

(7-(5-Methoxy-1H-indol-3-yl)-6-nitro-4,7-dihydroisoxazolo[4,3-b]pyridin-3-yl)(p-tolyl)-methanone (4i) 72%.
Yellow powder. M.p. 181–183 ◦C. 1H NMR (300 MHz, DMSO-d6): δ 2.41 (s, 3H, Me), 3.71 (s, 3H, OMe),
6.00 (s, 1H, H7), 6.74 (d, J = 9.3 Hz, 1H, indole H6), 6.92 (s, 1H, indole H4), 7.24 (m, 2H, indole H2
and H7), 7.43 (d, J = 7.5 Hz, 2H, p-Tolyl), 8.06 (d, J = 7.8 Hz, 2H, p-Tolyl), 8.23 (s, 1H, H5), 10.78 (s, 1H,
NH), 10.91 (s, 1H, NH). 13C NMR (75 MHz, DMSO-d6): δ 21.3, 30.4, 55.2, 66.3, 100.2, 111.1, 112.5, 114.1,
124.1, 124.8, 125.4, 126.7, 129.6, 129.7, 131.6, 132.5, 136.9, 145.1, 153.3, 156.5, 180.2. HRMS (ESI) calc.
for [C23H19N4O5]+ [M + H]+ 431.1349, found 431.1340.

(7-(2-Hydroxynaphthalen-1-yl)-6-nitro-4,7-dihydroisoxazolo[4,3-b]pyridin-3-yl)(p-tolyl)-methanone (4j) 67%.
Yellow powder. M.p. 204–206 ◦C. 1H NMR (300 MHz, DMSO-d6): δ 2.41 (s, 3H, Me), 6.62 (s, 1H,
H7), 7.00 (d, J = 9.2 Hz, 1H, Ar H3), 7.35 (t, J = 7.5 Hz, 1H, Ar H6), 7.44 (d, J = 8.0 Hz, 2H, p-Tolyl),
7.58 (t, J = 7.8 Hz, 1H, Ar H5), 7.72 (d, J = 8.8 Hz, 1H, Ar H8), 7.81 (d, J = 8.2 Hz, 1H, Ar ), 8.06 (d,
J = 8.2 Hz, 2H, p-Tolyl), 8.17 (s, 1H, H7), 8.53 (d, J = 8.9 Hz, 1H, Ar H4), 9.89 (s, NH). 13C NMR (75 MHz,
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DMSO-d6): δ 20.2, 29.4, 117.2, 117.7, 121.4, 121.7, 125.6, 125.8, 126.7, 127.0, 128.2, 128.3, 128.4, 128.5,
131.4, 131.8, 136.3, 136.5, 143.9, 145.2, 151.9, 152.1, 156.3, 179.1. HRMS (ESI) calc. for [C24H18N3O5]+

[M + H]+ 428.1240, found 428.1237.

2-(3-(4-Methylbenzoyl)-6-nitro-4,7-dihydroisoxazolo[4,3-b]pyridin-7-yl)malononitrile (4k) 76%. Yellow powder.
M.p. 214–216 ◦C. 1H NMR (300 MHz, DMSO-d6): δ 2.45 (s, 3H, Me), 5.59 (s, 1H, CH), 5.67 (s, 1H,
H7), 7.49 (d, J = 6.1 Hz, 2H, p-Tolyl), 8.12 (d, J = 6.7 Hz, 2H, p-Tolyl), 8.32 (s, 1H. H5), 11.23 (s, 1H,
NH). 13C NMR (75 MHz, DMSO-d6): δ 21.4, 27.9, 35.1, 112.1, 112.2, 120.5, 124.7, 129.7, 132.1, 140.8,
145.5, 149.5, 151.6, 180.0. Found, %: C, 58.39; H, 3.22; N, 20.07; C17H11N5O4 Calc., %: C, 58.46; H, 3.17;
N, 20.05.

3-(3-(4-Methylbenzoyl)-6-nitro-4,7-dihydroisoxazolo[4,3-b]pyridin-7-yl)pentane-2,4-dione (4l) 87%.
Yellow powder. M.p. 188–190 ◦C. 1H NMR (300 MHz, DMSO-d6): δ 2.05 (s, 3H, Me, p-Tolyl),
2.42 (d, J = 6.4 Hz, 6H, 2Me), 4.90 (s, 1H, CH), 5.30 (s, 1H, H7), 7.45 (d, J = 8.1 Hz, 2H, p-Tolyl),
8.07 (d, J = 7.1 Hz, 3H, p-Tolyl and H5), 10.80 (s, 1H, NH). 13C NMR (75 MHz, DMSO-d6): δ 21.3,
29.6, 31.1, 32.0, 66.9, 124.1, 126.3, 129.6, 132.3, 139.6, 145.2, 154.9, 180.1, 203.2, 204.8. HRMS (ESI) calc.
for [C19H17N3O6+NH4]+ [M + NH4]+ 401.1453, found 401.1456.

(7-(3,5-Dimethyl-1H-pyrazol-1-yl)-6-nitro-4,7-dihydroisoxazolo[4,3-b]pyridin-3-yl)(p-tolyl)-methanone (4m)
88%. Yellow powder. M.p. 202–204 ◦C. 1H NMR (300 MHz, DMSO-d6): δ 1.95 (s, 3H, Me), 2.05 (s,
3H, Me, p-Tolyl), 2.42 (s, 3H, Me), 5.82 (s, 1H, H7), 7.14 (s, 1H), 7.44 (d, J = 8.1 Hz, 2H, p-Tolyl),
8.07 (d, J = 8.1 Hz, 2H, p-Tolyl), 8.34 (s, 1H) 11.19 (s, 1H, NH). Found, %: C, 58.25; H, 4.22; N, 19.07;
C18H15N5O4 Calc., %: C, 59.18; H, 4.14; N, 19.17.

Methyl-3-benzoyl-7-(1,3-dimethyl-2,4,6-trioxohexahydropyrimidin-5-yl)-4,7-dihydroisoxazo-lo[4,3-b]pyridine-
6-carboxylate (4n) 75%. Beige powder. M.p. 170–172 ◦C. 1H NMR (300 MHz, DMSO-d6): δ 3.03 (s, 3H, Me),
3.13 (s, 3H, Me), 3.63 (s, 3H, CO2Me), 4.43 (s, 1H, CH), 5.07 (s, 1H, H7), 7.44 (d, J = 5.4 Hz, 1H, H5), 7.63 (t,
J = 7.3 Hz, 2H, Ph), 7.74 (t, J = 7.0 Hz, 1H, Ph), 8.12 (d, J = 7.7 Hz, 2H, Ph), 10.2 (d, J = 5.3 Hz, 1H, NH).
13C NMR (75 MHz, DMSO-d6): δ 28.0, 28.1, 33.3, 51.3, 54.0, 99.1, 127.2, 129.0, 129.2, 134.0, 135.2, 138.9,
151.4, 154.9, 166.4, 167.8, 180.5. HRMS (ESI) calc. for [C21H19N4O7]+ [M +H]+ 439.1248, found 439.1242.

Methyl-3-benzoyl-7-(4,4-dimethyl-2,6-dioxocyclohexyl)-4,7-dihydroisoxazolo[4,3-b]pyridine-6-carboxylate (4o)
87%. Beige powder. M.p. 232–234 ◦C. 1H NMR (300 MHz, DMSO-d6): δ 0.93 (s, 6H, 2Me), 2.16 (br.s,
4H, 2CH2), 3.53 (s, 3H, CO2Me), 5.36 (s, 1H, H7), 7.33 (s, 1H, H5), 7.61 (t, J = 7.3 Hz, 2H, Ph), 7.70 (t,
J = 7.1 Hz, 1H, Ph), 8.11 (d, J = 7.6 Hz, 2H, Ph), 9.73 (d, J = 5.0 Hz, NH). 13C NMR (75 MHz, DMSO-d6):
δ 26.1, 27.3, 28.3, 31.7, 40.0, 50.7, 102.6, 128.7, 128.8, 129.0, 133.7, 135.6, 136.6, 136.7, 144.5, 157.4, 166.3,
180.4. HRMS (ESI) calc. for [C23H23N2O6]+ [M + H]+ 423.1551, found 423.1545.

2-(3-Benzoyl-4,7-dihydroisoxazolo[4,3-b]pyridin-7-yl)-5,5-dimethylcyclohexane-1,3-dione (4p) 70%. Beige powder.
M.p. 180–182 ◦C. 1H NMR (300 MHz, DMSO-d6): δ 0.91 (s, 3H, Me), 0.99 (s, 3H, Me), 2.08–2.40 (m,
4H, 2CH2), 4.33 (s, 1H, CH), 5.76 (s, 1H, H7), 7.56-7.67 (m, 4H, Ph and H6), 8.08 (d, J = 6.4 Hz, 2H,
Ph), 8.44 (s, 1H, H5). 13C NMR (75 MHz, DMSO-d6): δ 19.4, 24.6, 27.0, 28.5, 31.9, 41.3, 49.7, 77.0,
110.4, 124.2, 126.8, 128.7, 128.8, 128.9, 130.3, 133.2, 134.4, 156.5, 169.5, 180.0, 194.2. HRMS (ESI) calc.
for [C21H21N2O4]+ [M + H]+ 365.1496, found 365.1494.

4.5. Synthesis of Compounds 6a–g

2,3-Dimethylbutadiene (0.5 mL, 4.5 mmol) was added to a solution of the appropriate
isoxazolopyridine 3 (0.5 mmol) in dichloromethane (or CHCl3) (5 mL). The reaction mixture was
stirred at r.t. until full completion (normally 4–8 h, TLC control). The solution was diluted with hexane
(15 mL), and the obtained precipitate was filtered off.

(5-Hydroxy-7,8-dimethyl-5a-nitro-4,5,5a,6,9,9a-hexahydroisoxazolo[4,3-c]isoquinolin-3-yl)-(phenyl)methanone (6a)
74%. Beige powder. M.p. 173–175 ◦C. 1H NMR (300 MHz, CDCl3): δ 1.56 (s, 3H, Me), 1.67 (s, 3H, Me),
2.45 (d, J = 18.1 Hz, 1H), 2.77–3.06 (m, 3H), 3.27 (d, J = 3.9 Hz, 1H, OH), 4.35 (d, J = 6.8 Hz, 1H), 5.41 (t,

17



Molecules 2020, 25, 2194

J = 4.0 Hz, 1H), 6.68 (d, J = 3.3 Hz, 1H), 7.55 (t, J = 7.6 Hz, 2H, Ph), 7.65 (t, J = 7.3 Hz, 1H, Ph), 8.27 (d,
J = 7.2 Hz, 2H, Ph). 13C NMR (75 MHz, CDCl3): δ 18.8, 19.0, 29.3, 30.2, 35.1, 78.6, 89.3, 119.6, 124.2,
128.9, 129.8, 131.5, 133.9, 135.6, 146.7, 154.3, 181.8. HRMS (ESI) calc. for [C19H20N3O5] + [M + H]+

370.1397, found 370.1397.

(5-Hydroxy-7,8-dimethyl-5a-nitro-4,5,5a,6,9,9a-hexahydroisoxazolo[4,3-c]isoquinolin-3-yl)-(p-tolyl)methanone (6b)
80%. Beige powder. M.p. 148–150 ◦C. 1H NMR (300 MHz, CDCl3): δ 1.56 (s, 3H, Me), 1.66 (s, 3H,
Me), 2.47–3.06 (m, 7H, 2CH2+Me(p-Tolyl), 3.25 (d, J = 3.9 Hz, 1H, OH), 4.34 (d, J = 6.9 Hz, 1H), 5.39 (t,
J = 3.6 Hz, 1H), 6.65 (d, J = 4.0 Hz, 1H, NH), 7.35 (d, J = 8.2 Hz, 2H, p-Tolyl), 8.20 (d, J = 8.1 Hz, 2H,
p-Tolyl). 13C NMR (75 MHz, CDCl3): δ 18.8, 19.0, 21.9, 29.3, 30.2, 35.1, 78.7, 89.4, 119.6, 124.2, 129.6,
130.0, 131.3, 133.1, 144.9, 146.8, 154.3, 181.4. HRMS (ESI) calc. for [C20H22N3O5]+ [M + H]+ 384.1553,
found 384.1548.

(4-Fluorophenyl)(5-hydroxy-7,8-dimethyl-5a-nitro-4,5,5a,6,9,9a-hexahydroisoxazolo[4,3-c]-isoquinolin-3-yl)
methanone (6c) 73%. Beige powder. M.p. 177–179 ◦C. 1H NMR (300 MHz, CDCl3): δ 1.56 (s, 3H, Me),
1.67 (s, 3H, Me), 2.47(d, J = 17.4Hz, 1H), 2.78–2.91 (m, 3H, 2CH2), 3.18 (d, J = 3.6 Hz, 1H, OH), 4.34 (d,
J = 6.9 Hz, 1H), 5.41 (t, J = 3.3 Hz, 1H), 6.65 (d, J = 3.2 Hz, 1H, NH), 7.23 (t, J = 8.6 Hz, 2H, 4F-Ph),
8.34 (dd, J = 8.7, 5.4 Hz, 2H, 4F-Ph). 13C NMR (75 MHz, CDCl3): δ 18.8, 19.0, 29.4, 30.2, 35.1, 78.6, 89.3,
116.2 (d, 2JC–F = 21.9 Hz), 119.6, 124.2, 131.5, 131.9, 132.0, 132.6 (d, 3JC–F = 9.5 Hz), 146.5, 154.3, 166.2 (d,
1JC–F = 256.5 Hz) 180.0. HRMS (ESI) calc. for [C19H19FN3O5]+ [M + H]+ 388.1303, found 388.1316.

Cyclopropyl-(5-hydroxy-7,8-dimethyl-5a-nitro-4,5,5a,6,9,9a-hexahydroisoxazolo[4,3-c]-isoquinolin-3-yl)methanone
(6d) 80%. Beige powder. M.p. 148–150 ◦C. 1H NMR (300 MHz, CDCl3): δ 1.12–1.27 (m, 4H, c-Pr), 1.55 (s,
3H, Me), 1.65 (s, 3H, Me), 2.43 (d, J = 18.6 Hz, 1H), 2.61-3.00 (m, 4H, 2CH2+1H(c-Pr)), 3.67 (s, 1H,
OH), 4.30 (d, J = 6.9 Hz, 1H), 5.31 (d, J = 3.5 Hz, 1H), 6.19 (d, J = 3.4 Hz, 1H, NH). 13C NMR (75 MHz,
CDCl3): δ 12.2, 12.4, 18.2, 18.8, 18.9, 29.3, 30.1, 35.1, 78.6, 89.3, 119.5, 124.2, 127.4, 146.8, 154.7, 191.5.
HRMS (ESI) calc. for [C16H20N3O5+NH4]+ [M + NH4]+ 351.1663, found 351.1668.

Cyclopentyl(5-hydroxy-7,8-dimethyl-5a-nitro-4,5,5a,6,9,9a-hexahydroisoxazolo[4,3-c]-isoquinolin-3-yl)methanone
(6e) 51%. Beige powder. M.p. 105–107 ◦C. 1H NMR (300 MHz, CDCl3): δ 1.55 (s, 3H, Me), 1.60–1.73 (m,
7H, Me+2CH2), 1.80–2.08 (m, 4H, 2CH2), 2.43 (d, J = 18.0 Hz, 1H), 2.76-3.04 (m, 3H, 2CH2), 3.39 (s, 1H,
OH), 3.47-3.59 (m, 1H, CH), 4.29 (d, J = 7.1 Hz, 1H), 5.34 (d, J = 3.3 Hz, 1H), 6.23 (d, J = 3.3 Hz, 1H, NH).
13C NMR (75 MHz, CDCl3): δ 18.8, 19.0, 26.4, 29.1, 29.2, 29.3, 30.2, 35.1, 47.9, 78.6, 89.3, 119.5, 124.2,
128.3, 146.2, 154.5, 194.5. HRMS (ESI) calc. for [C18H22N3O5]- [M − H]− 360.1568, found 360.1565.

1-(5-Hydroxy-7,8-dimethyl-5a-nitro-4,5,5a,6,9,9a-hexahydroisoxazolo[4,3-c]isoquinolin-3-yl)-hexan-1-one (6f)
35%. Beige powder. M.p. 96–98 ◦C. 1H NMR (300 MHz, CDCl3): δ 0.92 (t, J = 6.4 Hz, 3H, Me(n-C5H11)),
1.33–1.42 (m, 4H, 2CH2, n-C5H11), 1.55 (s, 3H, Me), 1.73 (m, 5H, Me+CH2(n-C5H11)), 2.42 (d, J = 18.2 Hz,
1H), 2.55–2.99 (m, 5H, 2CH2+CH2(n-C5H11)), 3.52 (br.s, 1H, OH), 4.29 (d, J = 6.4 Hz, 1H), 5.34 (d,
J = 3.6 Hz, 1H), 6.24 (d, J = 3.3 Hz, 1H, NH). 13C NMR (75 MHz, CDCl3): δ 14.0, 18.7, 19.0, 22.5,
23.5, 29.4, 30.2, 31.6, 35.1, 39.4, 78.7, 89.4, 119.6, 124.2, 128.1, 146.4, 154.6, 192.0. HRMS (ESI) calc.
for [C18H26N3O5]+ [M + H]+ 364.1866, found 364.1875.

(5-Ethoxy-7,8-dimethyl-5a-nitro-4,5,5a,6,9,9a-hexahydroisoxazolo[4,3-c]isoquinolin-3-yl)-(p-tolyl)methanone (6g)
42%. Yellowish powder. M.p. 134–136 ◦C. 1H NMR (300 MHz, CDCl3): δ 1.13 (t, J = 7.0 Hz, 3H, Et),
1.54 (s, 3H, Me), 1.65 (s, 3H, Me), 2.47–3.07 (m, 7H, 2CH2+Me(p-Tolyl), 3.50–3.32 (m, 1H, CH2, Et),
3.84–3.67 (m, 1H, CH2, Et), 4.30 (d, J = 6.8 Hz, 1H), 4.95 (d, J = 4.0 Hz, 1H), 6.78 (d, J = 3.4 Hz, 1H, NH),
7.35 (d, J = 8.1 Hz, 2H, p-Tolyl), 8.22 (d, J = 8.2 Hz, 2H, p-Tolyl). 13C NMR (75 MHz, CDCl3): δ 14.7,
18.8, 19.0, 22.0, 29.7, 30.2, 35.2, 63.9, 84.5, 88.9, 119.3, 124.2, 129.6, 130.0, 131.4, 133.2, 144.8, 146.9, 154.6,
181.2. HRMS (ESI) calc. for [C22H25N3O5]+ [M + H]+ 412.1866, found 412.1859.
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Supplementary Materials: NMR spectra, HRMS and X-ray analysis data.
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Abstract: α-Nitrocinnamate underwent the conjugate addition of an active methylene compound such
as nitroacetate, 1,3-dicarbonyl compound, or α-nitroketone, and the following ring closure afforded
functionalized heterocyclic frameworks. The reaction of cinnamate with nitroacetate occurs via
nucleophilic substitution of a nitro group by the O-attack of the nitronate, which results in isoxazoline
N-oxide. This protocol was applicable to 1,3-dicarbonyl compounds to afford dihydrofuran derivatives,
including those derived from direct substitution of a nitro group caused by O-attack of enolate.
It was found the reactivity was lowered by an electron-withdrawing group on the carbonyl moiety.
When α-nitroketone was employed as a substrate, three kinds of products were possibly formed; of
these, only isoxazoline N-oxide was identified. This result indicates that the substituting ability of
nitronate is higher than that of enolate for the direct SN2 substitution of a nitro group.

Keywords: conjugate addition; dihydrofuran; 1,3-dicarbonyl compound; enolate; isoxazoline N-oxide;
nitro group; nitroketone; nitronate; nucleophilic substitution

1. Introduction

The nitro group is one of the important functional groups because of its unique chemical properties,
which are useful in many compounds. The strong electron-withdrawing property of the nitro group
reduces the electron density of the adjacent atom or double bond through both inductive and resonance
effects. The increased electrophilicity facilitates nucleophilic addition to a nitroalkene, while the
resulting anionic intermediate is stabilized by the nitro group. The nitro group also serves as a good
leaving group. Nitroalkane undergoes E2 elimination of nitrous acid to afford C–C double bonds
under basic [1–4] or acidic conditions [5,6]. Direct SN2 substitution is also sometimes observed [7],
in which a nitrite ion is eliminated. The high acidity of an α-proton of the nitro group easily generates a
nitronate, which possesses both nucleophilic [8,9] and electrophilic sites to serve as a 1,3-dipole [10,11].
Moreover, the nitro group is a precursor of amino and carbonyl groups by reduction and Nef-type
reactions [12], respectively. The many properties of the nitro group have facilitated diverse applications.
Recently, the complex/mixed properties of the nitro group have attracted considerable attention
for the synthesis of multi-functionalized/polyfunctionalized compounds. In our previous work,
α-nitrocinnamate served as a precursor of functionalized enynes via conjugate addition of an acetylide
ion followed by elimination of a nitrous acid [1]. When α-chloro-α,β-unsaturated ketone is subjected

Molecules 2020, 25, 2048; doi:10.3390/molecules25092048 www.mdpi.com/journal/molecules23
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to the reaction with cyano-aci-nitroacetate, intramolecular nucleophilic substitution of the chloro group
by the nitronate ion occurs after Michael addition [13]. Based on these works, this study furthered
this topic by studying the synthesis of functionalized heterocyclic compounds using a combination
of conjugate addition of an active methylene compound and subsequent O-attack of the resulting
nitronate/enolate which undergoes direct substitution of the nitro group. The substituting abilities of
the nitronate/enolate were compared.

2. Results and Discussion

As a highly electron-deficient substrate, methyl α-nitrocinnamate (1a) was employed because of
its easy availability via condensation of benzaldehyde and nitroacetate in the presence of piperidine
hydrochloride with the removal of water as an azeotrope mixture. Indeed, the reaction of 1a with
propylamine quantitatively proceeded at room temperature in acetonitrile to afford product 2a as
a 1:1 mixture of diastereomers, which implies that two stereocenters were newly formed; however,
the product was not an adduct of 1a and propylamine. Based on spectral data of the reaction
mixture, compound 2a was confirmed to be an adduct of 1a with methyl nitroacetate generated in situ.
This reaction is thought to proceed as shown in Scheme 1. After conjugate addition of propylamine
to 1a, C–C bond cleavage forms nitroacetate [14]. Indeed, signals of 1-phenyl-N-propylmethanimine
(3) were observed in the 1H NMR spectrum of the reaction mixture (see Supplementary Materials).
The generated nitroacetate underwent the conjugate addition to another cinnamate 1a to afford product
2a. However, product 2a could not be isolated by column chromatography because of its instability
on silica gel. On the other hand, when the mixture of 2a and 3 was left at room temperature without
solvent for 7 days, ring closure proceeded to afford isoxazoline N-oxide 4a, in which the nitronate
underwent the direct substitution of the nitro group to form an isoxazoline framework (Scheme 1).

There have been several studies of the formation of isoxazoline N-oxides from
α-nitro-α,β-unsaturated esters with C–H acids such as secondary nitroalkane [15],
(ethoxycarbonylmethyl)dimethylsulfonium salt [16], (ethoxycarbonylmethyl)ammonium salt [17],
(ethoxycarbonylmethyl)pyridinium salt [18], α-halomalonate [19], and α-iodo aldehyde [20].
β,β-Dimethoxynitroethene is also usable as a nucleophile in this protocol [21]. Among these, only two
methods employ a nitro group as a leaving group [15,21]. In these reactions, the nucleophilicity of the
nitronate ion is relatively high. To the contrary, nucleophilicity of the nitronate in 2a is considered to
be lower due to the electron-withdrawing ester functionality.

Thus, ethyl α-nitrocinnamate (1b) was allowed to react with ethyl nitroacetate in the presence of
triethylamine. It was confirmed that the successive conjugate-addition/ring-closure reactions efficiently
proceeded in one pot to afford isoxazoline N-oxide 4b [22] (Scheme 2). This result prompted the
study of α-nitrocinnamate 1b reactions with other active methylene compounds such as 1,3-dicarbonyl
compounds, because the nucleophilicity of the enolate ion is considered to be lower than that of the
nitronate ion.
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Scheme 1. Reaction of α-nitrocinnamate 1a with propylamine and the subsequent ring closure, with
plausible mechanisms.

 

Scheme 2. Synthesis of isoxazoline N-oxide 4b.

Although two studies on the reactions of 1b with β-keto esters were found in the literature [23,24],
they were not conducted under same conditions (one reaction was conducted in the presence of
tetrabutylammonium bromide). In order to compare the reactivity systematically and to generalize
this protocol, the same reaction conditions should be used. Therefore, 1,3-dicarbonyl compounds 5a–f

were subjected to reactions with 1b in the presence of triethylamine at 60 ◦C for 3 h in acetonitrile
(Table 1). Cyclization efficiently proceeded to produce a furan derivative 6a [23] with 92% yield when
ethyl acetoacetate was employed as a substrate (entry 1). The nucleophilicity of the enolate of the
ketone functionality was higher than that of the ester functionality because of the electron-withdrawing
inductive effect of the ethoxy group. Next, the acetyl group of 5a was replaced with a trifluoroacetyl
group. In this case, decreasing the nucleophilicity of the enolate ion was more effective than increasing
the acidity of the methylene group, which produced 5-(trifluoromethyl)-2,3-dihydrofuran 6b with a

25



Molecules 2020, 25, 2048

lower yield (entry 2). When benzoylacetate 5c was reacted under the same conditions, the cyclization
occurred without significant effects from the steric hindrance of the phenyl group to furnish the
corresponding dihydrofuran 6c (entry 3). Diketone 5d, acetylacetone, exhibited higher reactivity than
keto esters 5a–c, and yielded 6d [24] quantitatively (entry 4). Cyclic diketone 5e, 1,3-cyclohexanedione,
also underwent the reaction efficiently to produce bicyclic furan 6e, which was not influence by steric
strain (entry 5) [23,25]. On the other hand, the formation of ester-substituted furan 6f was not detected
when diester 5f was subjected to the reaction conditions because of the low nucleophilicity of the
enolate ion (entry 6).

Table 1. Synthesis of functionalized 2,3-dihydrofuran 6.

 

Entry R1 R2 5 and 6 Yield/%

1 Me OEt a 92
2 CF3 OEt b 43
3 Ph OEt c 62
4 Me Me d quant.
5 –(CH2)3– e quant.
6 OEt OEt f 0

In the reaction of cinnamate 1b and diketone 5d, the conjugate addition of enolate ion of 5d to
1b afforded adduct intermediate 8d, from which 2,3-dihydrofuran 6d was formed by the substitution
of the nitro group. In other words, 2,3-dihydrofuran 6d was also synthesized if intermediate 8d was
formed [24]. Indeed, when diacetylated styrene 7 was reacted with ethyl nitroacetate in the presence of
triethylamine under the same conditions, a high yield of dihydrofuran 6d was obtained (Scheme 3).

 

Scheme 3. Synthesis of 2,3-dihydrofuran 6d from either diacetylated styrene 7 or cinnamate 1b.
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Next, α-nitroketone 9 was employed as a nucleophile able to produce both an enolate and a
nitronate ion, which facilitated the comparison of the substituting ability of these anions directly
(Scheme 4). In this case, adduct 10 is thought to have formed intermediately, from which three possible
structures 11–13 could be produced. Dihydrofuran 11 was formed by the attack of enolate (Path a),
and isoxazoline N-oxide 12 is formed by the attack of nitronate derived from nitroketone (Path b).
On the other hand, attack of the nitronate derived from nitrocinnamate affords isoxazoline N-oxide 13

(Path c).

 
Scheme 4. Reaction of cinnamate 1b with nitroketone 9 and three possible products 11–13.

When cinnamate 1b was allowed to react with nitroketone 9 in the presence of triethylamine,
the reaction mixture became somewhat complex, so only one cyclic product was isolated as a major
product. Since a lot of small signals were observed in the 1H NMR spectrum of the reaction mixture,
it is difficult to know whether cyclic products were formed as minor products or not. In the 13C
NMR spectrum of the major product, a signal corresponding to carbonyl carbon was observed at
191 ppm, which indicated that the product had a ketone functionality; thus, the possibility of 11 was
excluded. In the 1H-1H NOESY 2D NMR spectrum, a correlation was observed between the proton at
the 5-position of the isoxazoline ring and the ortho-proton of the benzoyl group, by which the product
was determined to be isoxazoline N-oxide 13.

This result indicated that the nitronate ion substituted a nitro group via Path c. It is considered
that the different reactivity of the two nitro groups was caused by the different electron-withdrawing
ability of the ketone and the ester functionalities. The stronger electron-withdrawing toluoyl group
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increased the electrophilicity of the α-carbon and decreased the nucleophilicity of the nitronate ion,
which facilitated the reaction via Path c leading to the predominant formation of 13.

3. Experimental Section

3.1. General

All reagents were purchased from commercial sources and used without further purification.
1H and 13C NMR spectra were recorded on Bruker DPX-400 spectrometer (400 MHz and 100 MHz,
respectively, Billerica, MA, USA) in CDCl3 using TMS as an internal standard. The 13C NMR
assignments were performed via DEPT experiments. A Shimadzu IR spectrometer equipped with an
ATR detector (Kyoto, Japan) was used to record infrared spectra. High-resolution mass spectra were
obtained on an AB SCIEX Triplet TOF 4600 mass spectrometer (Framingham, MA, USA). Melting points
were recorded on a Stanford Research Systems Optimelt automated melting point system (Sunnyvale,
CA, USA) and were uncorrected.

3.2. Synthesis of Isoxazoline N-oxide 4b

To a solution of ethyl α-nitrocinnamate 1b (94.6 mg, 0.43 mmol) in acetonitrile (1.3 mL), ethyl
nitroacetate (48 μL, 0.43 mmol) and triethylamine (60 μL, 0.43 mmol) were added, and the resultant
mixture was stirred at room temperature for 30 min. After removal of the solvent under reduced
pressure, the residual brown oil was dissolved in ethyl acetate (10 mL) and washed with water (10 mL
× 4), and then dried over magnesium sulfate. After removal of the solvent, the residue was purified by
column chromatography on silica gel to afford isoxazoline N-oxide 4b (eluted with hexane/EtOAc =
8/2, 121 mg, 0.41 mmol, 95%) as a yellow solid.

3,5-Bis(ethoxycarbonyl)-4-phenyl-2-isoxazoline 2-oxide (4b) [22]. Yellow solid, yield; 95%, m.p. 75–76 ◦C.
1H NMR (400 MHz, CDCl3) δ 7.40–7.30 (m, 5H), 4.93 (d, J = 2.8 Hz, 1H), 4.84 (d, J = 2.8 Hz, 1H), 4.35
(dq, J = 10.8, 7.2 Hz, 1H), 4.32 (dq, J = 10.8, 7.2 Hz, 1H), 4.21 (dq, J = 10.8, 7.2 Hz, 1H), 4.17 (dq, J = 10.8,
7.2 Hz, 1H), 1.35 (dd, J = 7.2, 7.2 Hz, 3H), 1.17 (dd, J = 7.2, 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ
168.2 (C), 158.1 (C), 138.1 (C), 129.3 (CH), 128.7 (CH), 127.0 (CH), 109.0 (C), 78.8 (CH), 62.7 (CH2), 62.0
(CH2), 52.7 (CH), 14.1 (CH3), 13.9 (CH3).

3.3. Typical Procedure for Synthesis of 2,3-Dihydrofuran 6

To a solution of ethyl α-nitrocinnamate 1b (71.5 mg, 0.32 mmol) in acetonitrile (1.0 mL), ethyl
acetoacetate 5a (41 μL, 0.32 mmol) and triethylamine (45 μL, 0.32 mmol) were added, and the resultant
mixture was heated at 60 ◦C for 3 h. After removal of the solvent under reduced pressure, the residual
orange oil was purified by column chromatography on silica gel to afford 2,3-dihydrofuran 6a (eluted
with hexane/EtOAc = 1/1, 88 mg, 0.29 mmol, 92%) as a pale yellow oil. When other 1,3-dicarbonyl
compounds 5 were used, the experiment was conducted in the same way.

2,4-Bis(ethoxycarbonyl)-2,3-dihydro-5-methyl-3-phenylfuran (6a) [23]. Pale yellow oil, yield; 92%. 1H NMR
(400 MHz, CDCl3) δ 7.34–7.30 (m, 2H), 7.27–7.22 (m, 3H), 4.83 (d, J = 4.8 Hz, 1H), 4.41 (dq, J = 4.8,
1.2 Hz, 1H), 4.30 (dq, J = 10.8, 7.2 Hz, 1H), 4.26 (dq, J = 10.8, 7.2 Hz, 1H), 4.04 (dq, J = 10.8, 7.2 Hz,
1H), 3.98 (dq, J = 10.8, 7.2 Hz, 1H), 2.40 (d, J = 1.2 Hz, 3H), 1.32 (dd, J = 7.2, 7.2 Hz, 3H), 1.07 (dd, J =
7.2, 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 170.1 (C), 168.4 (C), 164.9 (C), 142.6 (C), 128.6 (CH),
127.2 (CH), 127.1(CH), 106.4 (C), 85.8 (CH), 61.8 (CH2), 59.6 (CH2), 52.8 (CH), 14.2 (CH3), 14.1 (CH3),
14.1 (CH3); IR (ATR/cm−1) 1755, 1701, 1651, 1207, 1088, 1038; HRMS (ESI/TOF) calcd. for [M + H]+

C17H21O5: 305.1384, found: 305.1384.

2,4-Bis(ethoxycarbonyl)-5-trifluoromethyl-2,3-dihydro-3-phenylfuran (6b). Yellow oil, yield; 43%. 1H NMR
(400 MHz, CDCl3) δ 7.4–7.2 (m, 5H), 4.99 (d, J = 4.8 Hz, 1H), 4.62 (dq, J = 4.8, 2.4 Hz, 1H), 4.32 (dq,
J = 11.6, 7.2 Hz, 1H), 4.30 (dq, J = 11.6, 7.2 Hz, 1H), 4.12 (dq, J = 10.8, 7.2 Hz, 1H), 4.05 (dq, J = 10.8,
7.2 Hz, 1H), 1.33 (dd, J = 7.2, 7.2 Hz, 3H), 1.13 (dd, J = 7.2, 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ
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168.5 (C), 161.2 (C), 151.2 (C, q, J = 40.0 Hz), 139.8 (C), 129.1 (CH), 128.1 (CH), 127.2 (CH), 118.0 (C, q,
J = 271.0 Hz), 113.0 (C, q, J = 3.0 Hz), 86.2 (CH), 62.3 (CH2), 61.1 (CH2), 53.8 (CH), 14.1 (CH3), 13.7
(CH3); IR (ATR/cm−1) 1759, 1728, 1200, 1157, 1111; HRMS (ESI/TOF) calcd. for [M + H]+ C17H18F3O5:
359.1101, found: 359.1092.

2,4-Bis(ethoxycarbonyl)-2,3-dihydro-1,3-diphenylfuran (6c). Colorless oil, yield; 62%. 1H NMR (400 MHz,
CDCl3) δ 7.98–7.95 (m, 2H), 7.48–7.42 (m, 3H), 7.42–7.35 (m, 4H), 7.35–7.28 (m, 1H), 4.96 (d, J = 4.4 Hz,
1H), 4.62 (d, J = 4.4 Hz, 1H), 4.34 (dq, J = 10.8, 7.2 Hz, 1H), 4.31 (dq, J = 10.8, 7.2 Hz, 1H), 4.01 (dq,
J = 10.8, 7.2 Hz, 1H), 3.98 (dq, J = 10.8, 7.2 Hz, 1H), 1.36 (dd, J = 7.2, 7.2 Hz, 3H), 1.03 (dd, J = 7.2,
7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 170.2 (C), 165.4 (C), 164.1 (C), 142.5 (C), 130.1 (CH), 129.8
(CH), 129.2 (C), 128.8 (CH), 127.7 (CH), 127.4 (CH), 127.2 (CH), 106.7 (C), 85.0 (CH), 61.8 (CH2), 59.9
(CH2), 54.1 (CH), 14.2 (CH3), 13.9 (CH3); IR (ATR/cm−1) 1751, 1697, 1628, 1203, 1076, 752, 694; HRMS
(ESI/TOF) calcd. for [M + H]+ C22H23O5: 367.1540, found: 367.1540.

4-Ethanoyl-2-ethoxycarbonyl-2,3-dihydro-5-methyl-3-phenylfuran (6d) [24]. Yellow solid, yield; quant., m.p.
63–64 ◦C. 1H NMR (400 MHz, CDCl3) δ 7.37–7.33 (m, 2H), 7.30–7.23 (m, 3H), 4.72 (d, J = 4.8 Hz, 1H),
4.49 (dq, J = 4.8, 1.2 Hz, 1H), 4.31 (dq, J = 10.8, 7.2 Hz, 1H), 4.27 (dq, J = 10.8, 7.2 Hz, 1H), 2.44 (d, J =
1.2 Hz, 3H), 1.95 (s, 3H), 1.34 (dd, J = 7.2, 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 194.3 (C), 170.0
(C), 168.6 (C), 142.2 (C), 129.1 (CH), 127.6 (CH), 127.2 (CH), 115.1 (C), 86.0 (CH), 61.9 (CH2), 53.3 (CH),
29.6 (CH3), 14.9 (CH3), 14.2 (CH3); IR (ATR/cm−1) 1755, 1674, 1624, 1604, 1196, 1038; HRMS (ESI/TOF)
calcd. for [M + H]+ C16H18O4Na: 297.1097, found: 297.1099.

5,6-Cyclohexa-2-ethoxycarbonyl-2,3-dihydro-3-phenylfuran-4-one (6e) [25]. Yellow oil, yield; quant. 1H
NMR (400 MHz, CDCl3) δ 7.34–7.31 (m, 2H), 7.27–7.21 (m, 3H), 4.96 (d, J = 4.8 Hz, 1H), 4.46 (br d, J =
4.8 Hz, 1H), 4.32 (dq, J = 10.8, 7.2 Hz, 1H), 4.27 (dq, J = 10.8, 7.2 Hz, 1H), 2.68–2.65 (m, 2H), 2.44–2.31 (m,
2H), 2.19–2.10 (m, 2H), 1.33 (dd, J = 7.2, 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 194.3 (C), 177.4 (C),
169.5 (C), 141.1 (C), 128.9 (CH), 127.4 (CH), 127.0 (CH), 115.8 (C), 88.0 (CH), 62.0 (CH2), 49.8 (CH), 36.8
(CH2), 23.9 (CH2), 21.7 (CH2), 14.2 (CH3); IR (ATR/cm−1) 1751, 1639, 1396, 1219, 748; HRMS (ESI/TOF)
calcd. for [M + H]+ C17H19O4: 287.1278, found: 287.1278.

3-Ethoxycarbonyl-4,5-dihydro-5-(4-methylbenzoyl)-4-phenylisoxazoline 2-oxide (13). Yellow oil, yield; 64%.
1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.0 Hz, 2H), 7.42–7.36 (m, 5H), 7.29 (d, J = 8.0 Hz, 2H), 5.66 (d,
J = 3.6 Hz, 1H), 5.12 (d, J = 3.6 Hz, 1H), 4.19 (dq, J = 10.8, 7.2 Hz, 1H), 4.14 (dq, J = 10.8, 7.2 Hz, 1H),
2.43 (s, 3H), 1.13 (dd, J = 7.2, 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 191.3 (C), 158.4 (C), 146.0 (C),
138.6 (C), 130.9 (C), 129.9 (CH), 129.5 (CH), 129.5 (CH), 128.8 (CH), 127.6 (CH), 109.8 (C), 81.7 (CH),
62.0 (CH2), 51.8 (CH), 22.0 (CH3), 14.0 (CH3); IR (KBr/cm−1) 1736, 1697, 1628, 1606, 1228, 740; HRMS
(ESI/TOF) calcd. for [M + H]+ C20H20NO5: 354.1336 found: 354.1337.

4. Conclusions

2,3-Dihydrofurans and isoxazoline N-oxides were synthesized from α-nitrocinnamate 1 and active
methylene compounds by conjugate addition and the subsequent O-attack. Via a series of reactions using
several substrates, the nitro group increased the electrophilicity of the α-carbon and served as a good
leaving group. The nitro group also served as a good nucleophile when it was converted to nitronate ion,
which is more reactive than the enolate ion of ketone or ester functionalities. These results will be useful
information for researchers studying synthetic chemistry using the multi-functionalities of a nitro group.

Supplementary Materials: The following are available online. 1H and 13C NMR spectra of 2a, 4, 6 and 13.
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Abstract: Reaction between the derivatives of 6-methyl-beta-nitropyridin-2-one and phenacyl
bromides was studied, and the yields observed were extremely low. The pyridones were converted
via chloropyridines to methoxyderivatives, which were N-phenacylated. N-Phenacyl derivatives
of 4,6-dimethyl-5-nitropyridin-2-one under the action of base gave 5-hydroxy-8-nitroindolizine
and under acidic conditions gave 5-methyl-6-nitrooxazole[3,2-a]pyridinium salt, which underwent
recycization with MeONa to 5-methoxy-8-nitroindolizine.

Keywords: Phenacylation of beta-nitropyridin-2-ones; 8-nitro-5-RO-indolizines; oxazole-pyrrole
ring transformation

1. Introduction

Indolizine is an important member of the class of heterocyclic compounds, and many alkaloids
have in their structures a saturated or aromatic indolizine moiety. While the chemistry of indolizines
has been widely investigated [1], the chemistry of 5-substituted indolizines (A, Scheme 1) remains
very poor because there are only a few reliable ways for their synthesis. Thus, there are examples of
electrophilic substitution of indolizines lithiated at C-5 [2–4] and SNH reaction of 8-nitroindolizines at
this position [5]. The standard Tchitchibabin reaction requires interaction of 6-substituted 2-picolines and
alpha-bromoketones; by steric reasons, however, this reaction is almost impossible for 5-X-indolizines.
Exceptional case is the cyclization of pyridones B (Scheme 1) bearing acceptor (EWG) group at
beta-position [6,7]. The last methodology developed in our laboratory is the recyclization of 5-methyl
substituted oxazolo[3,2-a]pyridinium salts C via pyridinium betaine D (Scheme 1), which leads to
5-substituted indolizines [8,9]. In turn, the salts C are available via acidic cyclization of pyridones B [10]:

 

Scheme 1. Possible transformations of N-(2-oxoethyl)-6-methylpyridin-2-ones.

Molecules 2020, 25, 1682; doi:10.3390/molecules25071682 www.mdpi.com/journal/molecules33
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The aim of this work was to test the validity of Scheme 1 for the case of more powerful acceptor a
nitro group (EWG =NO2) by choosing the 6-methyl-beta-nitropyridin-2-ones as the parent compounds.
Obtained by such strategy 6- or 8-nitroindolizines with the substituent X at position 5 may undergo
easy nucleophilic substitution at C-5. In addition to the route from B to A, one could consider one
more alternative strategy from C to A.

2. Results and Discussion

2.1. Synthesis of Isomers and Homologues of Beta-Nitro-6-Methylpyridin-2-One (1a–d)

The simplest scheme for the synthesis of 3- and 5-nitro derivatives of 6-methylpyridin-2-one was
the diazotation of 2-amino-3(5)-nitro-6-picolines, which, in turn, are available by nitration of commercial
2-amino-6-picoline to 2-nitramino-6-picoline (95%) and its further acidic rearrangement (51%) and steam
distillation (leading to 39% of 5-nitro- and 15% of 3-nitropyridin-2-ones). By this way (Scheme 2) both
isomers, namely 6-methyl-3-nitropyridin-2-one (1a, yield 32% [11]) and 6-methyl-5-nitropyridin-2-one
(1b, yield 25% [12]), were obtained; the low yield at the last step may be due to high solubility of
products in acetone for recrystallization.
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Scheme 2. Synthesis of the parent homologues of beta-nitro-6-pyridin-2-ones.

In addition, two 4-methyl homologues of pyridones 1a,b were described in literature.
To prepare 4,6-dimethyl-3-nitropyridin-2-one (1c) we performed the cyclization of acetylacetone
with nitroacetamide and obtained the target compound 1c with the yield 37% [13]. For preparation of
nitroacetamide we used the isonitroacetoacetic ester, which was dangerous for synthetic chemists due
to ability to detonate above 100 ◦C. (In addition, freshly isolated dry nitroacetamide was capable to
self-ignition upon contact with air.) Finally, the synthesis of 4,6-dimethyl-5-nitropyridin-2-one (1d,
yield 19% [14]) was achieved in two steps by nitration of Guaresci pyridine (obtained with the yield
93% and nitrated with the yield 47%) and consequent removal of the CN group in diluted sulfuric
acid (low yield at this step may be due to solubility of product both in acid and in alkali used for
neutralization).

2.2. Attempts of Direct Phenacylation of Homologues of Beta-Nitropyridin-2-Ones

Alkylation (and phenacylation) of pyridin-2-ones may occur either at N- or O-atoms [9]. Based on
the literature data of reaction of phenacyl bromides with 4,6-dimethylpyridin-2-ones (bearing electron
withdrawing group CN, CONH2, CO2R at C-5) [6,7,15–18]) we expected that alkylation of sodium salts
of 6-methyl-beta-nitropyridin-2-ones (1a–d) would also proceed at the nitrogen atom. As an additional
argument, Na-salt of 5-nitropyridin-2-one also underwent N-phenacylation [19]. We believed that
the resulting mixtures of N- and O-phenacyl derivatives from 1a–d could be chromatographically
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separated, since it is often mentioned in the literature that the chromatographic behavior of N- and
O-isomers is different.

It turned out, however, that when trying to phenacylate the Na-salt of nitropyridones 1a–d,
the reactions proceeded with an extremely low yield. As can be seen, a combination of factors (a
sterically hindered nitrogen atom deactivated by a nitro group) prevents N-alkylation. The result
obtained completely excluded the opportunity to implement our planned strategy. In search of a
possible solution to the problem, we drew attention to the other strategy described in the literature
for the regioselective synthesis of pyridones with a phenacyl residue at the nitrogen atom using
2-methoxypyridines [9,20,21]. In this case, O-demethylation in the intermediate salt was apparently
due to the attack of a rather weak nucleophile, the bromide ion. As a result, the methyl group acted as a
protective group, and this method allowed selective and reliable preparation of N-phenacyl derivatives.
For our purposes, we should use 2-methoxy-beta-nitropyridines (with a kind of protection—a methoxy
group, which not only prevents competitive O-alkylation but also acts as a donor residue that
promotes N-alkylation).

2.3. Synthesis of Beta-Nitro-2-Methoxypyridine Homologues and Their Phenacylation

An analysis of the literature showed that it is not a serious problem to convert the
beta-nitropyridin-2-ones into 2-methoxypyridines with the intermediacy of 2-chloropyridines.
The conversion of pyridin-2-ones to 2-chloropyridines proceeded with high yields upon boiling
with POCl3 (Scheme 3), and the melting points of the obtained chloropyridines 2a–d coincided with
the published data (Table 1). The next stage—the replacement of Cl with a MeO group—was carried
out by boiling with MeONa in methanol. The yields and melting points of the obtained substances
3a–d are shown in Table 1.

 
Scheme 3. Conversion of beta-nitropyridin-2-ones to 2-cloro- and 2-methoxy derivatives. 1–3: a, b R =
H; c, d R = CH3.

Table 1. Yields, mp and literature references for compounds 2a–d and 3a–d.

No Yield, % Mp Mp, Lit Reference

2a 45 68 70–70.8
67–69

[22]
[23]

3a 32 57 57–58 [24]
2b 25 54–55 54 [25]
3b 36 64 64–65 [26]
2c 64 47 47–48 [27]
3c 90 104–105 104 [28]
2d 85 54 54–55 [27]
3d 92 59–60 60 [14]
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After numerous attempts to phenacylate 2-methoxypyridines 3, we found the only acceptable
method—melting of the starting reagents, Scheme 4. Such melting of reagents (in comparison with their
boiling in acetonitrile) increased the yields 17 times, and they achieved 35%. The structure of N-phenacyl
derivatives clearly followed from the spectral data. The 1H-NMR spectra of phenacylpyridones 4a,b
contain the expected signals of the phenacyl residue and a fragment of nitropyridone. The final
confirmation of the structure of the N-phenacylpyridone 4a was obtained by X-ray diffraction, Figure 1.
The yields for other methoxypyridines (3a–c) were much lower.

 
Scheme 4. Phenacylation of nitropyridones and consequent cyclization.

 
Figure 1. The general view of molecular structure of 4a in representation of atoms by displacement
parameters ellipsoids (p = 30%).

2.4. Cyclocondensation of N-Phenacylpyridones under Basic Condition

For studies of the cyclization of phenacylpyridones, we used compounds 4a,b obtained in
acceptable quantities (see Experimental section). In the solution of 4a,b in MeOH, an intense dark red
color is observed. The neutralization of the reaction mixture allowed us to identify individual powdery
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compounds of dark red color. Their solutions turned black-green. The data of 1H- and 13C-NMR
spectra showed that both compounds are substituted indolizines 5a,b with the structure of 5-hydroxy
tautomers, Scheme 4. This observation contradicted to the structure of 6-CN-5-hydroxy indolizines to
which 5-oxo-3-CH2-type of tautomers was assigned [6,7]. In the 1H-NMR spectrum, we observed three
singlets (in addition to multiplet of aryl residue and CH3 singlet). Two of them were from protons H-1
and H-3 of the pyrrole fragment, and the third one—at 4.4–5.4 ppm—was a singlet of the proton H-6
of the pyridine fragment. The last peak was shifted to a high field due to the ortho-located hydroxy
group, whose signal appeared as a broadened peak in the region of 3.1–3.4 ppm. The confirmation that
in this case indolizine existed precisely in the hydroxy form was the appearance in the IR spectrum of
the characteristic vibration frequency of the OH group at 3437 cm−1.

The reasons why 5-hydroxy (oxo) indolizines existed in the oxy or oxo form depended, obviously,
on the nature of the additional acceptor substituent in the pyridine nucleus. In the case of 6-cyano
derivatives, the tautomeric equilibrium was completely shifted towards the oxo form, while in the
case of 8-nitroindolizins, the oxy form prevailed. These groups were likely to have different effects on
the acidity of the 5-OH group and the basicity of the C-3 atom of the pyrrole moiety (onto which the
proton of the hydroxyl group can migrate).

By analogy with 6-cyanoindolizinones [7], we expected that the action of phosphorus oxychloride
on the corresponding nitroindolizinoles would lead to the replacement of 5-oxo/oxy-group with
chlorine. It turned out, however, that when both hydroxyindolizines were heated with POCl3, complete
resinification was observed. Probably the phenolic nature of the obtained indolizines somehow
prevented the occurrence of such a transformation.

2.5. Synthesis of 5-Substituted Indolizine via Oxazolopyridinium Salt

As we have seen, it was possible to obtain intermediate compounds, representatives of a previously
unknown class of 5-hydroxyindolizines, and their structure was very interesting. It turned out, however,
that these compounds were unpromising for introduction of any other functions to position 5 (since
they cannot be converted into 5-chloro derivatives). This can mean that it was completely impossible
to vary the residue at position 5 in the series of 6(8)-nitroindolizines within the framework of our
chosen strategy.

We were able to show that the precursors of 5-hydroxyindolizines, phenacylpyridones 4, were very
promising synthons for producing 6 (8)-nitroindolizines with a substituent other than the hydroxy
group in position 5. It is known that such phenacylpyridones can close two different cycles under
the action of bases and acids. In the last case cyclodehydration may lead to closure of the oxazolium
cycle. We found that, under the action of concentrated sulfuric acid, phenacylpyridone 4a were
smoothly cyclized to the corresponding oxazolopyridinium cation 6, isolated in the form of perchlorate,
Scheme 5. In the 1H-NMR spectrum of the obtained salt, a singlet in low field appeared at 9.72 ppm,
which corresponded to the proton of the newly formed oxazolium ring. The final proof of the structure
of the obtained heterocycle 6 was obtained by X-ray diffraction, Figure 2a.

NMeO

R

NO CH3

R

O

NO2 NO2

CH3 CH3

N+O CH3

R

CH3

NO2

 
Scheme 5. Closure of oxazolium ring in N-phenacylpyridone and further recyclization.
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Figure 2. The general view of molecular structures of 6 (a) and 7 (b) in representation of atoms by
displacement parameters ellipsoids (p = 30%). A perchlorate anion for 6 and solvate acetone molecule
for 7 are omitted for clarity.

The resulting compound 6 was capable of easily reacting with nucleophiles. It turned out that
in the reaction with MeONa, compound 6 underwent a rearrangement with the destruction of the
oxazolium ring and the closure of a new pyrrole ring, forming 5-methoxy-8-nitroindolizine 7, Scheme 5.
The structure of the obtained compound 7 was unambiguously proved by the X-ray diffraction method,
Figure 2b. (In the lattice there is a solvent molecule—acetone.)

Interestingly, the obtained 5-methoxy-8-nitroindolizine 7 was isostructural to the
5-hydroxy-8-nitroindolizines 5a,b obtained above. Comparing the electronic absorption spectra
of these two isostructural (and pi-isoelectronic) systems, one can conclude that the structure of the
bands was similar.

3. Materials and Methods

3.1. General Information

1H-NMR spectra were recorded on a Bruker AC 400 instrument (Bruker, Bremen, Germany,
operating frequency 360 MHz,), 13C-NMR spectra were recorded on a frequency of 100 MHz.
Chemical shifts are measured on a δ-scale and are given in parts per million; J given in Hertz.
The reaction progress was monitored by TLC on Silufol UV-254 plates (Merck KGaA, Darmstadt,
Germany), and the TLC manifestation was carried out by UV radiation (wavelengths of 254 and
365 nm), iodine vapor, oxidation in a sulfuric aqueous solution of KMnO4, Ehrlich reagent or ninhydrin.
Chromatographic separation was performed on columns or glass plates using silica gel with a particle
size of 40–60 μm (Merck, KGaA, Darmstadt, Germany). Reagents from Acros (Fisher Scientific,
Leicestershire, UK), Merck (Merck KGaA, Darmstadt, Germany) and Aldrich (Sigma-Aldrich Company
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Ltd., Dorset, UK) were used as starting materials for the syntheses. They were introduced into the
reactions without additional purification. Elementary analysis data for new compounds are given
in Table 2.

Table 2. Elementary analysis data for all new compounds.

Compound (No.) Formula
Calculated Found

C H N C H N

N-(p-chlorophenacyl)-4,6-dimethyl-5-nitropyridin-2-one (4a) C15H13ClN2O4 56.17 4.09 8.73 55.82 4.13 8.68

N-(p-bromophenacyl)-4,6-dimethyl-5-nitropyridin-2-one (4b) C15H13BrN2O4 49.34 3.59 7.67 49.13 3.62 7.64

2-p-chlorophenyl-5-hydroxy-7-methyl-8-nitroindolizine (5a) C15H11ClN2O3 59.52 3.66 9.25 59.13 3.71 9.19

2-p-Bromophenyl-7-methyl-8-nitro-5-hydroxyindolizine (5b) C15H11BrN2O3 51.90 3.19 8.07 51.51 3.25 8.01

2-(p-Chlorophenyl)-5,7-dimethyl-6-nitrooxazolo [3,2-a]pyridinium perchlorate (6) C15H12ClN2O3*ClO4 44.69 3.00 6.95 44.40 3.05 6.90

2-(p-Chlorophenyl)-5-methoxy-7-methyl-8-nitroindolizine (7) C16H13ClN2O3 60.67 4.14 8.84 60.29 4.18 8.79

* means ionic compound.

3.2. Synthesis

6-Methyl-3- and 5-nitropyridin-2-ones (1a,b) were obtained by diazotation of
2-amino-3(5)-nitro-6-picolines [11,12]. 4,6-Dimethyl-3-nitropyridin-2-one (1c) obtained by
cyclization of acetylacetone with nitroacetamide [13]. 4,6-Dimethyl-5-nitropyridin-2-one (1d) was
obtained in two steps by nitration of Guaresci pyridine and further hydrolysis [14].

Studying of phenacylation of sodium salt 4,6-dimethyl-5-nitropyridin-2-one (1d). In methanol. To a
solution of 0.483 g (0.021 mol) of sodium metal in 100 mL of absolute methanol, 3.36 g (0.02 mol) of
nitropyridone 1d and 4.9 g (0.021 mol) of p-chlorophenacyl bromide are added with vigorous stirring.
The mixture was stirred for 12 h at 55–60 ◦C and controlled by TLC. Only traces of product could be
observed. In benzene/xylene. To a benzene suspension of 0.5 g (2.9 mmol) sodium salt of pyridone
1d 0.8 g (35 mmol) of p-bromophenacyl bromide was added. After 60 h at room temperature TLC
monitoring showed the presence of only starting materials. The solvent was evaporated and the
mixture was dissolved in o-xylene and boiled for another 6 h. TLC control showed the presence of
only traces of products.

Conversion of pyridin-2-ones (1a–d) to 2-chloropyridines (2a–d). The mixture of 0.036 mol of
nitropyridone-2 (1a–d), 4 mL of POCl3 and 0.036 mol of PCl5 was maintained at 120 ◦C for 4 h.
The mixture was left at 120 ◦C in a Wood alloy for 1.5 h. The mixture was cooled to RT, poured into
excess of ice water and the brown precipitate was filtered off, dried and recrystallized from hexane.
The yields, m.p. of products 2a–d and literature references are given in Table 2.

Conversion of 2-chloropyridines (2a–d) to 2-methoxypyridines (3a–d). To a solution of MeONa
(obtained by dissolving 0.388 g (0.017 mol) of sodium metal in 15 mL of absolute MeOH) 0.016 mol
2-chloropyridine 2a–d was added. The mixture was boiled for 4 h, the precipitated NaCl was filtered
off, the filtrate was evaporated and the residue was chromatographed on a column (SiO2, chloroform).
The yields, m.p. of products 3a–d and literature references are given in Table 1.

N-(p-chlorophenacyl)-4,6-dimethyl-5-nitropyridin-2-one (4a). A mixture of 1.3 g (0.007 mol) of
methoxypyridine 3e and 1.75 g (0.007 mol) of p-chlorophenacyl bromide was dissolved in 10 mL of
acetonitrile and the solution was boiled for 30 h. The solvent was evaporated in vacuo. The resulting
mixture was kept for 17 h at 100 ◦C and 15 h at 120 ◦C, cooled to room temperature and chromatographed
on a column (SiO2, chloroform). Product 4a (0.14 g) was obtained. Yield 6%; m.p. 190–191 ◦C. 1H-NMR
Spectrum (DMSO-d6): 8.10 (2H, m, Ar); 7.57 (2H, m, Ar); 6.30 (1H, s, 3-H); 5.65 (2H, s, CH2); 2.30 (3H, s,
6-CH3); 2.22 (3H, s, 4-CH3). The molecular structure is shown in Figure 1 [28].

N-(p-bromophenacyl)-4,6-dimethyl-5-nitropyridin-2-one (4b). Obtained in a similar manner from
methoxypyridine 3d and p-bromophenacyl bromide. Yield 8%, m.p. 192 ◦C. 1H-NMR Spectrum
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(CDCl3): 7.92 (2H, m, Ar); 7.78 (2H, m, Ar); 6.94 (1H, s, 3-H); 5.74 (2H, s, CH2); 2.30 (3H, s, 6(4)-CH3);
2.25 (3H, s, 4(6)-CH3).

Phenacylation of methoxypyridine 3d: synthesis optimization without use of a solvent.
(1) The reaction of 3d with p-chlorophenacyl bromides was carried out in a sealed glass ampoule,

the reaction mass was heated in an oven for 25 h at temperature of 120–150 ◦C. TLC analysis in pure
chloroform showed the presence of the desired products. After chromatography, 0.378 g of a pure
yellow substance, identical in TLC and m.p. with the N-isomer 4a. Yield ~10%.

(2) The substances were placed in a 50 mL flask equipped with a reflux condenser. The mixture
was kept at 120 ◦C for 7 h in a Wood alloy. After 5 h of boiling, the yellow liquid began to accumulate
on the walls of the flask and flowed down. TLC analysis showed that it is phenacyl bromide. Then,
after the cessation of gas formation, the temperature was raised to 200 ◦C (continued gas formation),
and the mixture was kept at this temperature for another 3 h. The reaction mixture was applied to silica
gel and chromatographed with CHCl3, then CHCl3—EtOH. Recrystallized from acetone. The yield of
N-isomer 4a was 15%.

(3) 4 g of methoxypyridine 3d and a twofold excess of phenacyl bromide were taken. The substances
are placed in a 50 mL flask equipped with a reflux condenser. The mixture was heated in a Wood alloy
at 125 ◦C for 20 h. After this, the mixture was poured into a large amount of boiling petroleum ether
and the precipitate was filtered off. A petroleum extract containing pure starting materials was reacted
back. The precipitate was purified from the crude oil by chromatography, eluting with chloroform.
The yield of the target product 4a was 35%.

Synthesis of 5-hydroxy-8-nitroindolizines 5a,b (General methodology). A total of 0.6 g of
phenacylpyridone 4a (1.6 mmol) was dissolved in 100 mL of MeOH. The calculated amount of
Na (38 mg) was dissolved in 50 mL of MeOH. A solution of MeONa was added with stirring to
a solution of phenacylpyridone. The solution turned raspberry colored. In 30 min after the start
of the reaction the calculated amount of HOAc was added to neutralize MeONa. The reaction
mixture was diluted with diethyl ether, and the product and NaOAc precipitated. The solvent
was distilled off on a rotary evaporator, the mixture was dissolved in a minimum amount of
acetone and filtered from NaOAc. The solution was evaporated giving a brick-red substance,
2-p-chlorophenyl-5-hydroxy-7-methyl-8-nitroindolizine (5a). Yield 92%. m.p. > 250 ◦C (decomp.).
1H-NMR Spectrum (CD3OD): 7.80 (1H, m, 3-H); 7.72 (2H, m, Ar); 7.47 (2H, m, Ar); 7.29 (1H, m, 1-H);
5.37 (1H, s, 6-H); 3.40 (1H, br s, OH); 2.57 (3H, s, CH3).

2-p-Bromophenyl-7-methyl-8-nitro-5-hydroxyindolizine (5b). Yield 90%, m.p. > 250 ◦C (decomp.).
1H-NMR Spectrum (CDCl3): 7.34 (1H, m, 3-H); 7.17 (2H, m, Ar); 7.08 (2H, m, Ar); 6.82 (1H, m, 1-H);
4.37 (1H, s, 6-H); 3.10 (1H, br s, OH); 2.13 (3H, s, CH3).

2-(p-Chlorophenyl)-5,7-dimethyl-6-nitrooxazolo [3,2-a]pyridinium perchlorate (6). A mixture of 0.1 g
(0.3 mmol) of phenacylpyridone 5a and 1 mL of concentrated sulfuric acid was maintained at 22 ◦C for
18 h. Then, 0.2 mL of 70% HCiO4 was added to the mixture, incubated for 1 h, poured into 100 mL
of absolute ether and the precipitate formed was filtered off. The yield of perchlorate is 92%; m.p.
295–297 ◦C (decomp.). 1H-NMR Spectrum (DMSO-d6): 9.72 (1H, s, 3-H); 8.60 (1H, s, 8-H); 8.07 (2H, m,
Ar); 7.82 (2H, m, Ar); 2.89 (3H, s, 5-CH3); 2.67 (3H, s, 7-CH3). 13C-NMR (DMSO-d6): 15.4; 18.5; 110.6;
112.1; 122.6; 127.5; 130.1; 137.1; 137.8; 144.8; 145.8; 152.2; 152.4. X-Ray data see Figure 2a. The molecular
structure is seen in Figure 2a (perchlorate anion is omitted for clarity) [29].

2-(p-Chlorophenyl)-5-methoxy-7-methyl-8-nitroindolizine (7). A total of 200 mg (0.49 mmol) of
oxazolopyridinium salt 6 was added to a solution of 10 mg of sodium in 10 mL of methanol.
The mixture was kept for 1 day at 22 ◦C and the precipitate formed was filtered off. Product 7 (110 mg)
was obtained. Yield 73%, m.p. 175–176 ◦C. 1H-NMR Spectrum: 7.50 (6H, m, Ar); 5.73 (1H, s, 6-H); 4.22
(3H, s, O-CH3); 2.69 (3H, s, CH3). The molecular structure see Figure 2b (solvate acetone molecule is
omitted for clarity) [30].
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3.3. X-ray Diffraction Studies

For single crystals of compounds 4a and 6, the experimental intensities of diffraction reflections
were obtained on a CAD-4 diffractometer (λ Cu Kα radiation, graphite monochromator, ω scanning at
room temperature, Enraf-Nonius, Delft, Netherlands), for compound 7 on a CAD-4 diffractometer (λ
Mo Kα radiation, graphite monochromator, ω-scan, at room temperature). All subsequent calculations
were performed as part of the SHELX software package [31]. The crystallographic data for the studied
structures were deposited in the Cambridge Structural Database with the numbers CCDC 1986879 for
4a, CCDC 1986629 for 6, CCDC 1984804 for 7.

4. Conclusions

In conclusion, the reaction between the derivatives of 6-methyl-beta-nitropyridin-2-one
(1a–d) and phenacyl bromides did not occur for steric and electronic reasons. However,
4,6-dimethyl-2-methoxy-5-nitropyridine 3d on fusion with bromoketones could be N-phenacylated.
Its N-phenacyl derivatives 4a,b under the action of base gave 5-hydroxy-8-nitroindolizines (5a,b)
and under acidic conditions gave 5-methyl-6-nitrooxazole[3,2-a]pyridinium salt 6, which underwent
recycization with MeONa to 5-methoxy-8-nitroindolizine 7.
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Abstract: An efficient asymmetric synthesis of GlaxoSmithKline’s potent PDE4 inhibitor was
accomplished in eight steps from a catechol-derived nitroalkene. The key intermediate
(3-acyloxymethyl-substituted 1,2-oxazine) was prepared in a straightforward manner by tandem
acylation/(3,3)-sigmatropic rearrangement of the corresponding 1,2-oxazine-N-oxide. The latter
was assembled by a (4 + 2)-cycloaddition between the suitably substituted nitroalkene and vinyl
ether. Facile acetal epimerization at the C-6 position in 1,2-oxazine ring was observed in the
course of reduction with NaBH3CN in AcOH. Density functional theory (DFT) calculations suggest
that the epimerization may proceed through an unusual tricyclic oxazolo(1,2)oxazinium cation
formed via double anchimeric assistance from a distant acyloxy group and the nitrogen atom of the
1,2-oxazine ring.

Keywords: C–H functionalization; total synthesis; pyrrolidines; anchimeric assistance; epimerization;
PDE4 inhibitors

1. Introduction

Cyclic nitronates (1,2-oxazine-N-oxides 1 and isoxazoline-N-oxides 2) are useful intermediates in
the synthesis of complex nitrogen containing scaffolds due to their versatile reactivity as 1,3-dipoles
and accessibility from nitroalkenes (Scheme 1a) [1–10]. Denmark’s group extensively exploited the
inter- and intramolecular (3 + 2)-cycloaddition reactions with six-membered cyclic nitronates 1 to
construct various bi- and polycyclic nitroso acetal frameworks 3, which were then converted into
fused pyrrolidine derivatives by an intramolecular reductive amination (Scheme 1b) [1,11]. Using
this strategy, total syntheses of numerous pyrrolizidine and indolizidine alkaloids [12–14], as well as
(5.5.5.5)- and (5.5.5.4)-azafenestanes [15,16], were accomplished.

Our group has a long-term interest in developing another approach towards the modification
of cyclic nitronates, which utilizes C–H functionalization of the position next to the nitronate group
(α-C-atom, Scheme 1c) [17]. Some time ago, we demonstrated that upon silylation, cyclic nitronates 1

and 2 are transformed into N-siloxyenamines 4, in which the double bond is shifted to the exocyclic
α-position [18]. Enamines 4 exhibit umpolung reactivity and react with nucleophiles in the presence
of Lewis acids (LA) to give α-substituted cyclic oxime ethers 5 (1,2-oxazines or isoxazolines) via
SN’ substitution of TMSO-group (Scheme 1c). Using this approach, nucleophilic halogenation [19],
oxygenation [20–22], azidination [23] of cyclic nitronates were performed (route 1). Although we
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succeeded in using this methodology in the total synthesis of some pharmaceutical molecules, in
the case of nitronates having acid-sensitive groups (e.g., acetals), it proved to be not very efficient
(vide infra) [20,24,25].

Scheme 1. Approaches towards modification of cyclic nitronates. (a) Synthesis of cyclic nitronates
from nitroalkenes; (b) 1,3-Dipolar addition with cyclic nitronates and its application in total synthesis;
(c) C-H functionalization of cyclic nitronates via N-siloxyenamines (route 1); (d) C-H functionalization
of cyclic nitronates via [3,3]-rearrangement of N-acyloxyenamines (route 2).

Recently, we designed another strategy for the site-selective functionalization of cyclic nitronates
1 and 2 via acylation with acyl halides/Et3N (Scheme 1d) [26]. The initially formed N-acyloxyenamines
6 undergo a spontaneous (3,3)-rearrangement to give α-acyloxy-substituted cyclic oxime ethers 7

(route 2). This tandem C–H oxygenation process could be performed under very mild conditions.
At present, we are testing the scope and limitation of this method in the total synthesis of some model
target molecules to compare its efficacy with our previous C–H functionalization methods. In this
study, a potent GlaxoSmithKline’s phosphodiesterase 4 (PDE4) inhibitor CMPO [27–29], which was
previously synthesized using route 1 [24,30], was chosen as a target molecule.

Scheme 2 depicts our previous synthetic route to CMPO. The fused pyrrolidine core was prepared
by carbamylation of a trans-3-aryl-substituted prolinol 15. The latter was accessed in our strategy by
the reductive contraction of the 1,2-oxazine ring in the intermediate 14, which was prepared by the
stereoselective hydride reduction of the 5,6-dihydro-4H-1,2-oxazine 13 [24]. This intermediate was
synthesized by the reduction of the ONO2-group in the corresponding nitroxy-substituted 1,2-oxazine
12. Introduction of the nitroxy-group was accomplished by the LA-assisted functionalization of the
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methyl group in the N-oxide 10 using route 1 described above (see Scheme 1c). The required N-oxide
10 was assembled in a stereoselective manner by the (4 + 2)-cycloaddition of nitroalkene 8 with the
vinyl ether 9 bearing Whitesell’s chiral auxiliary group ((+)-trans-2-phenyl-1-cyclohexanol ether).

C-H
functionalization

separation from
C-6 epimer

 
Scheme 2. Previous asymmetric synthesis of (−)-CMPO.

Oxygenation of the methyl group in the N-oxide 10 proved to be challenging, and several methods
were tested (Scheme 3). N-Siloxy,N-oxyenamine 16 was generated from the N-oxide 10 under mild
conditions and then subjected to the LA-assisted nucleophilic addition of the bromide anion [24,25].
However, the desired 3-bromomethyl-1,2-oxazine 11, which served as a precursor to nitrate 12, was
formed in moderate yields (best results are shown in Scheme 3a). Another issue was the epimerization
of the sensitive C-6 acetal stereocenter leading to a mixture of 4,6-trans/4,6-cis-diastereomers 11 and 11′,
which had to be separated by column chromatography (Scheme 3a,b). Unfortunately, the epimer 11′
could not be used in the synthesis of CMPO as it produced the undesired 3,4-cis-stereoisomer upon
the reduction of the C=N bond in 5,6-dihydro-4H-1,2-oxazine ring on the later stages of the synthesis
(Scheme 3c) [25].

The reason for the epimerization may lie in the mechanism of the LA-promoted reaction of
N-oxyenamines with nucleophiles, which involves heterolytic cleavage of the N–O bond (Scheme 3b).
Experimental [20,22] and computational data [22] suggest that the SN’ substitution of the TMSO-group
may proceed through an epimerizable N-vinyl,N-oxynitrenium cation C1. In our later study, we were
able to optimize the epimerization ratio to 6: 1 by using Cr(NO3)3 as both a mild Lewis acid and the
source of the nitrate anion [20]. However, the yield of nitroxy-derivative 12 was still not very high
(ca. 40% from nitronate 10, Scheme 3a). Thus, further optimization of the C–H functionalization stage
was reasonable.
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conditions

conditions trans/cis

a. Functionalization of cyclic nitronate 10

b. Mechanism of epimerization at C-6

c. Hydride reduction of 4,6-cis-1,2-oxazines

undesired desired

trans cis
trans cis

Scheme 3. Problems associated with C-6 epimerization in the LA-assisted functionalization of cyclic
nitronate 10. (a) Functionalization of cyclic nitronate 10; (b) Mechanism of epimerization at C-6;
(c) Hydride reduction of 4,6-cis-1,2-oxazines.

2. Results

We speculated that the pericyclic (3,3)-rearrangement of N-acyloxyenamine intermediate I1

generated by the acylation of nitronate 10 may proceed without any epimerization of the C-6 stereogenic
center. To test this idea, cyclic nitronate 10 was treated with pivaloyl chloride/Et3N (1.5/2.0 equiv.)
under conditions previously optimized for model 1,2-oxazine-N-oxides (MeCN, −30 ◦C, 2 h) [26].
The desired pivalate 17 was formed in a 61% yield together with some amount of unreacted N-oxide
10. After a short optimization of conditions, we found that the use of a bigger access of the PivCl/Et3N
system (2.0/2.5 equiv.) and prolonged reaction time (18 h) at lower temperature resulted in an increase
in the yield up to 76% (Scheme 4). Gratifyingly, no noticeable epimerization at the C-6 position was
observed under these conditions.

We further investigated whether pivalate 17 could be used in the synthesis of CMPO.
Hydrogenolysis of the pivalate group in 17 (to give alcohol 13) prior the reduction is challenging
since 5,6-dihydro-4H-1,2-oxazines are known to undergo fragmentation via a retro-[4+2]-cycloaddition
process under the action of bases [31]. Therefore, pivalate 17 was subjected to the hydride reduction
with NaBH3CN in acetic acid (Scheme 5). Surprisingly, the reaction produced two separable isomeric
products 18 and 18′ in 3: 1 ratio (62% combined yield, 91% based on converted 17). From the
coupling constants in 1H-NMR spectra, it was deduced that both isomers had trans-arrangement of the
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substituents at the C-3 and C-4 atoms, while the configuration of the C-6 stereocenter was different.
Thus, the C-6 acetal moiety underwent epimerization in the course of the reduction (see Discussion
section). The amount of 4,6-cis-isomer 18′ increased with time, demonstrating that the isomerization
took place in the reduced product 18 and not in the starting compound 17. This is also confirmed by
the fact that stereisomers 18 and 18′ had same configuration of the newly formed C-3 stereocenter.
If the epimerization preceded the reduction, the C-6 epimerized 5,6-dihydro-4H-1,2-oxazine 17′ would
also give the reduced product with the 3,4-cis-disposition of substituents (see Scheme 3c).

Scheme 4. Tandem acylation/(3,3)-rearrangement of nitronate 10.

Scheme 5. Cyanoborohydride reduction of 3-hydroxymethyl 1,2-oxazine 13 and its pivalate 17.

Isomers 18 and 18′ could be almost equally used in the reductive contraction of the 1,2-oxazine
ring [32], since both produced the same amino aldehyde intermediate I3 upon cleavage of the N–O
bond followed by fragmentation of the hemiacetal I2 (Scheme 6). Subsequent intramolecular reductive
amination in the intermediate I3 and protection with the Boc-group afforded the desired prolinol ester
19. Hence, the separation of epimers 18 and 18′ was not required and a mixture could be converted into
the product 19 in a 61% yield. The chiral auxiliary alcohol (trans-2-phenylcyclohexanol) was recovered
at this stage in 77% yield.
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Scheme 6. Conversion of 1,2-oxazines 18 and 18′ into target PDE4 inhibitor (−)-CMPO.

On the next step, careful saponification of the pivalate moiety in pyrrolidine 19 with KOH in
aqueous methanol gave Boc-prolinol 20 in 84% yield (Scheme 6). It is noteworthy that hydrolysis of
the Boc-group was also observed to some extent under these conditions. For this reason, the reaction
mixture was treated with Boc2O after neutralization to convert the unprotected prolinol into the
N-Boc-derivative 20, which was isolated by column chromatography.

Finally, deprotection of the N-Boc moiety with TFA and treatment of the resulting prolinol
trifluoroacetate with Im2CO/Et3N afforded the desired PDE4 inhibitor CMPO (Scheme 6). Thus,
the asymmetric synthesis of PDE4 inhibitor CMPO was completed in seven steps from a known
nitroalkene 8 in 8% overall yield. Chiral HPLC analysis revealed the enantiomeric purity of the
product >97% ee. The racemic sample of CMPO for HPLC analysis was prepared according to the
same synthetic sequence starting from the racemic trans-2-phenylcyclohexanol.

3. Discussion

Epimerization of the acetal moiety in the course of the hydride reduction of
5,6-dihydro-4-H-1,2-oxazine 17 is of special note. In the previously reported hydride reduction
of 1,2-oxazine 13 possessing a free hydroxymethyl group, no epimerization at the C-6 atom was
observed (cf. data in Scheme 2; Scheme 5) [24]. We hypothesized that such a difference in the behavior
of 3-hydroxymethyl- and 3-acyloxymethyl-substituted 1,2-oxazines 13 and 17 may be attributed to
an anchimeric assistance from the carbonyl group, which stabilizes the intermediate cation C2 [33]
by forming a bridged system with an eight-membered ring (cation C3). In carbohydrates, a similar
anchimeric assistance of the acyloxy group from the distant 1,4-position has been proposed, yet it was
not confirmed unambiguously by experimental data [34–37]. In our case, density functional theory
(DFT) calculations at the MN15/Def2TZVP level of theory (see Supplementary material for details)
revealed that the bridged cation C3 is much less stable compared to the initial monocyclic cation C2.
Interestingly, the formation of a third ring between the nitrogen atom and the acyloxy group may lead
to a tricyclic cation C4, which is predicted to be much more stable than the mono- or bicyclic structures
C2 and C3 (Scheme 7). The formation of such a stable tricyclic cation as an intermediate or a resting
state may account for the observed facile epimerization of pivalate 18. The higher thermodynamic
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stability of the 4,6-cis-isomer 18′ over the 4,6-trans-isomer 18, as shown by DFT calculations, is likely to
be the driving force for the epimerization at the C-6 atom.

Scheme 7. Plausible mechanism of the epimerization at the C-6 position in 1,2-oxazine
18. Ar − 4-methoxy-3-cyclopentyloxyphenyl, G*—trans-2-phenylcyclohexyl. DFT calculations:
MN15/Def2TZVP (AcOH, smd), LA was not included in the calculations.

Another remarkable observation was that 1,2-oxazine 18 (as well as its precursor 17) did not
undergo epimerization in acetic acid (rt, 2 h). Isomerization to the cis-isomer 18′ was observed
only in the presence of NaBH3CN. Hence, the fragmentation of the acetal moiety is most likely
promoted by some Lewis acidic boron species generated from NaBH3CN in acidic medium. Indeed,
slow epimerization of 1,2-oxazine 18 was observed upon treatment of 18 with B(OBu)3 or BF3·Et2O in
acetic acid.

It is noteworthy that an anchimeric-assisted epimerization in 1,2-oxazine series has not been
reported previously. Moreover, to our knowledge, this is the first reported example of a remote
neighboring group participation from the 1,4-position in a six-membered ring confirmed by DFT
calculations [38–40]. The formation of an eight-membered ring in this case may be driven by an
unusual secondary anchimeric interaction involving the nitrogen atom of the 1,2-oxazine ring leading
to an unusual tricyclic oxazolo(1,2)oxazinium cation C4.

4. Materials and Methods

All reactions were carried out in oven-dried (150 ◦C) glassware. NMR spectra (Bruker AM
300 spectrometer, Karlsruhe, Germany) were recorded at room temperature (if not stated otherwise)
with residual solvents peaks as an internal standard. Peak multiplicities are indicated by s (singlet),
d (doublet), t (triplet), dd (doublet of doublets), q (quartet), quint (quintet), ddd (doublet of doublets
of doublets), tt (triplet of triplets), tdd (triplets of doublets of doublets), m (multiplet), br (broad).
The numeration of atoms used in the assignment of NMR spectra is given in Figure 1.

HRMS were measured on the electrospray ionization (ESI) (Bruker MicroTOF, Karlsruhe, Germany)
instrument with a time-of-flight (TOF) detector. Concentrations c in optical rotation angles are given in
g/100 mL. [α]D values are given in 10−1 deg cm2 g−1. Column chromatography was performed using
Kieselgel (Merck, Germany) 40–60 μm 60A. Analytical thin-layer chromatography was performed
on silica gel plates with QF 254. Visualization was accomplished with UV light and solution of
anisaldehyde/H2SO4 in ethanol. Chiral HPLC analysis was performed on a chromatograph with a
UV-VIS photodiode array detector (Shimadzu LC-20, Shimadzu, Japan). All reagents were commercial
grade and used as received. Et3N, dichloromethane (DCM), and MeCN were distilled over CaH2 prior
to the experiments; MeOH, hexane and ethyl acetate were distilled without drying agents.
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Figure 1. Numeration of atoms in products 17–20.

(+)-(4S,6S)-4-(3-(Cyclopentyloxy)-4-methoxyphenyl)-3-methyl-6-(((1S,2R)-2-phenylcyclohexyl)oxy)-5,
6-dihydro-4H-1,2-oxazine 2-oxide (+)-10 and the corresponding racemate rac-10 were synthesized
according to the previously reported procedure from nitroalkene 8 and vinyl ether 9 [25]. In most
experiments, very similar yields in enantiomeric and racemic series were obtained. In Schemes and
Procedures, the best yields among two series are given if not otherwise stated.

Oxygenation of nitronate 10. Enantipure or racemic nitronate 10 (347 mg, 0.72 mmol) was
dissolved in dry acetonitrile (1.7 mL) in a Schlenk tube under argon atmosphere, and then Et3N (251 μL,
1.8 mmol) was added. The solution was cooled to −40 ◦C and pivaloyl chloride (174 μL, 1.41 mmol)
was added. The reaction mixture was stirred at ca. −40 ◦C for 2 h and then kept in a freezer (ca. −25 ◦C)
overnight. The mixture was diluted with EtOAc (5 mL) and transferred into a separating funnel
containing EtOAc (20 mL) and 0.25 M aq. NaHSO4 solution (20 mL). The aqueous layer was extracted
with EtOAc (20 mL), the combined organic layers were washed with water (30 mL) and brine (30 mL),
dried over anhydrous Na2SO4 and concentrated under reduced pressure. The residue was subjected to
a column chromatography on silica gel (Hexane/EtOAc = 10/1) to give 311 mg (76%) of enantiopure or
racemic pivalate 17.

(1S,2R,4S,6S)- and (1S*,2R*,4S*,6S*)-(4-(3-(cyclopentyloxy)-4-methoxyphenyl)-6-((2-phenylcyclohexyl)
oxy)-5,6-dihydro-4H-1,2-oxazin-3-yl)methyl pivalate (17). Rf = 0.44 (hexane/EtOAc = 3/1). 1H-NMR
(300 MHz, COSY, HSQC, CDCl3) δ 7.41–7.13 (m, 5H, H14, H15, H16), 6.75 (d, J = 8.2 Hz, 1H, H23),
6.57 (dd, J = 8.2, 2.1 Hz, 1H, H22), 6.53 (d, J = 2.2 Hz, 1H, H26), 5.36 (dd, J = 2.7, 2.5 Hz, 1H,
Heq6), 4.71 (m, 1H, H28), 4.08 (d, J = 13.5 Hz, 1H, H17′), 4.02 (ddd, J = 10.3, 10.2, 4.0 Hz, 1H, Hax7),
3.98 (d, J = 13.5 Hz, 1H, H17′’), 3.80 (s, 3H, H27), 2.92 (dd, J = 11.9, 7.7 Hz, 1H, Hax4), 2.61 (ddd, J = 11.1,
10.3, 3.6 Hz, 1H, Hax8), 2.37 (m, 1H, H12), 2.01 (ddd, J = 13.0, 7.7, 2.7 Hz, 1H, Heq5), 1.98–1.73
(m, 10H, Hax5, H9′, H10, H29, H30′), 1.70–1.52 (m, 3H, H9”, H30”), 1.50–1.28 (m, 3H, H11, Heq12),
1.10 (s, 9H, H20). 13C-NMR (75 MHz, HSQC, CDCl3) δ 177.4 (C18), 155.3 (C3), 149.3 and 147.9 (C24 and
C25), 144.4 (C13), 131.1 (C21), 128.0 and 127.8 (2 C14 and 2 C15), 125.9 (C16), 120.7 (C22), 114.9 (C26),
112.2 (C23), 91.0 (C6), 80.4 (C28), 76.1 (C7), 63.6 (C17), 56.1 (C27), 50.7 (C8), 38.6 (C19), 34.3 (C9),
33.8 (C4), 32.8 and 32.7 (C29 and C29′), 32.5 (C5), 30.6 (C12), 27.1 (3 C20), 26.1 (C11), 24.7 (C10),
24.0 (C30 and C30′). HRMS (ESI): m/z calcd. for [C34H46NO6]+ 564.3320, found 564.3316 [M + H]+.

(+)-(1S,2R,4S,6S)-17. Colorless oil. [α]D = +188.6 (c = 0.09, EtOAc, 20 ◦C). rac-17. Colorless oil.
Hydride reduction of 5,6-dihydro-4H-1,2-oxazine 17. Procedure 1: Enantiopure or racemic pivalate

17 (80 mg, 0.14 mmol) was dissolved in acetic acid (0.8 mL) and sodium cyanoborohydride (120 mg,
1.9 mmol) was added to the solution upon intensive stirring. The reaction mixture was stirred under
argon for 30 min at rt, then diluted with EtOAc (3 mL) and transferred into a separating funnel
containing EtOAc (20 mL) and a sat. aq. NaHCO3 solution (20 mL). The aqueous layer was extracted
with EtOAc (20 mL). The combined organic layers were washed with sat. aq. NaHCO3 solution (20 mL)
and brine (40 mL), then dried over Na2SO4 and concentrated under reduced pressure. The residue
was subjected to a column chromatography on silica gel (Hexane/EtOAc = 10/1→5/1→3/1) to yield

50



Molecules 2020, 25, 3613

49 mg (62%) of a mixture of 1,2-oxazines 18 and 18′ (d.r. 3: 1). Also, 26 mg (33%) of unreacted pivalate
17 was isolated from the column chromatography.

Procedure 2: Enantiopure or racemic pivalate 17 (190 mg, 0.34 mmol) was dissolved in acetic acid
(1.8 mL) and sodium cyanoborohydride (250 mg, 3.97 mmol) was added to the solution upon intensive
stirring. The reaction mixture was stirred under argon at rt for 1.7 h, then diluted with EtOAc (3 mL)
and transferred into a separating funnel containing EtOAc (20 mL) and a sat. aq. NaHCO3 solution
(20 mL). The aqueous layer was extracted with EtOAc (20 mL). The combined organic layers were
washed with sat. aq. NaHCO3 solution (20 mL) and brine (40 mL), then dried over Na2SO4 and
concentrated under reduced pressure. The residue was subjected to a column chromatography on
silica gel (Hexane/EtOAc = 10/1→5/1→3/1) to yield 48 mg (25%) of the fast moving isomer 18 and
69 mg (36%) of the slow moving isomer 18′.

((3R,4S,6S)- and (3R*,4S*,6S*)-4-(3-(Cyclopentyloxy)-4-methoxyphenyl)-6-(((1S,2R)-2-phenylcyclohexyl)
oxy)-1,2-oxazinan-3-yl)methyl pivalate (18). Colorless oil (both enantiopure and racemic). Rf = 0.37
(hexane/EtOAc = 3/1). 1H-NMR (300 MHz, COSY, HSQC, CDCl3) δ 7.55–7.32 (m, 4H, H14, H15),
7.29–7.21 (m, 1H, H16), 6.76 (d, J= 8.0 Hz, 1H, H23), 6.61 (dd, J = 8.0, 2.1 Hz, 1H, H22), 6.59 (br s, 1H, H26),
4.99 (d, J = 3.0 Hz, 1H, H6), 4.79–4.68 (m, 1H, H28), 4.03 (br d, J = 10.7 Hz, 1H, Hax2), 3.80 (s, 3H, H27),
3.78 (ddd, J = 10.0, 10.0, 3.9 Hz, 1H, Hax7), 3.51 (dd, J = 11.8, 2.8 Hz, 1H, H17′), 3.22 (br ddd, J = 10.7, 9.8,
8.5 Hz, 1H, Hax3), 3.08 (dd, J = 11.8, 8.5 Hz, 1H, H17”), 2.68 (ddd, J = 12.3, 10.3, 3.7 Hz, 1H, Hax8), 2.32
(ddd, J = 11.9, 11.9, 4.5 Hz, 1H, Hax4), 2.21 (br d, J = 10.6 Hz, 1H, Hax12), 2.05–1.75 (m, 11H, H5, H9′, H10,
H29, H30′), 1.70–1.54 (m, 3H, H9”, H30”), 1.48–1.25 (m, 3H, H11, Heq12), 1.12 (s, 9H, H20). 13C-NMR
(75 MHz, HSQC, HMBC, DEPT135, CDCl3) δ 178.1 (C18), 149.1 and 147.8 (C24 and C25), 144.5 (C13),
133.9 (C21), 128.8 and 128.0 (2 C14 and 2 C15), 126.9 (C16), 119.5 (C22), 114.2 (C26), 112.3 (C23),
93.5 (C6), 80.5 (C28), 77.7 (C7), 63.3 (C17), 60.1 (C3), 56.1 (C27), 50.7 (C8), 38.6 (C19), 37.2 (C4), 37.0 (C5),
33.3 (C9), 32.7 and 32.8 (C29 and C29′), 31.3 (C12), 27.1 (3 C20), 26.0 (C11), 24.8 (C10), 24.0 (C30 and
C30′). HRMS (ESI): m/z calcd. for [C34H48NO6]+ 566.3476, found 566.3474 [M + H]+.

((3R,4S,6R)- and (3R*,4S*,6R*)-4-(3-(Cyclopentyloxy)-4-methoxyphenyl)-6-(((1S,2R)-2-phenylcyclohexyl)
oxy)-1,2-oxazinan-3-yl)methyl pivalate (18′). Characterized in mixture with 18 (d.r. 18/18′ = 1: 4). Colorless
oil (both enantiopure and racemic). Rf = 0.30 (hexane/EtOAc = 3/1). 1H-NMR (300 MHz, COSY, HSQC,
CDCl3) δ 7.55–7.32 (m, 5H, H14, H15, H16), 6.79 (d, J = 8.2 Hz, 1H, H23), 6.60 (dd, J = 8.2, 2.2 Hz,
1H, H22), 6.55 (d, J = 2.2 Hz, 1H, H26), 5.43 (d, J = 10.4 Hz, 1H, H2), 5.28 (d, J = 2.9 Hz, 1H, H6),
4.73 (m, 1H, H28), 3.93 (ddd, J = 10.3, 10.2, 4.0 Hz, 1H, H7), 3.81 (s, 3H, H27), 3.59 (d, J = 12.9 Hz,
1H, H17), 3.48 (ddd, J = 11.2, 10.4, 5.7 Hz, 1H, Hax3), 3.38 (dd, J = 12.9, 5.7 Hz, 1H, H17), 2.71 (ddd,
J = 10.6, 10.3, 3.3 Hz, 1H, Hax8), 2.63 (ddd, J = 12.5, 11.2, 4.0 Hz, 1H, Hax4), 2.24 (br d, J = 11.9 Hz,
1H, Hax12), 2.06 (td, J = 13.3, 12.5, 2.9 Hz, 1H, Hax5), 1.99–1.76 (m, 10H, Heq5, H9′, H10, H29, H30′),
1.72–1.53 (m, 3H, H9”, H30”), 1.53–1.25 (m, 3H, H11, Heq12), 1.10 (s, 9H, H20). 13C-NMR (75 MHz,
HSQC, HMBC, DEPT135, CDCl3) δ 177.4 (C18), 149.9 and 148.2 (C24 and C25), 143.7 (C13), 130.6 (C21),
129.6 (C16), 127.7 and 127.5 (2 C14 and 2 C15), 120.0 (C22), 113.7 (C26), 112.4 (C23), 95.2 (C6), 80.7 (C28),
78.5 (C7), 65.8 (C3), 61.3 (C17), 56.0 (C27), 50.5 (C8), 38.5 (C19), 36.7 (C4), 36.4 (C5), 33.1 (C9), 32.8 and
32.7 (C29 and C29′), 30.7 (C12), 27.0 (3 C20), 25.8 (C11), 24.4 (C10), 24.0 (C30 and C30′). HRMS (ESI):
m/z calcd. for [C34H48NO6]+ 566.3476, found 566.3476 [M + H]+.

Hydrogenation of 1,2-oxazines 18 and 18′. A glass vial was charged with a solution of enantiopure
1,2-oxazine 18 (48 mg, 0.086 mmol) and Boc2O (58 mg, 0.264 mmol) in methanol (0.5 mL). A suspension
of Raney nickel (ca. 100 mg, prepared from 50% slurry in water) in methanol (ca. 0.5 mL) was
added, and the vial was placed in a steel autoclave, which was then flushed and filled with hydrogen
to a pressure of ca. 40 bar and heated to 50 ◦C. The hydrogenation was conducted for 2 h with
intensive stirring. Then, the autoclave was cooled to rt, slowly depressurized, and the catalyst was
removed using a magnet and washed with methanol. The solution was concentrated to dryness under
reduced pressure. The residue was subjected to a column chromatography on silica gel (hexane/EtOAc
= 20/1→10/1) to yield 31 mg (74%) of N-Boc pyrrolidine 19. The column was then washed with
hexane/EtOAc = 5/1 to recover (+)-trans-2-phenylcyclohexanol (12 mg, 77%).
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Application of the same procedure for the reduction of enantiopure 1,2-oxazine 18′
(69 mg, 0.13 mmol) afforded 36 mg (60%) of N-Boc pyrrolidine 19 and 15 mg (66%) of
(+)-trans-2-phenylcyclohexanol.

Application of the same procedure for the reduction of a mixture of racemic 1,2-oxazines rac-18

and rac-18′ (90 mg, 0.159 mmol, d.r. 1: 1.4) afforded 46 mg (61%) of racemic N-Boc pyrrolidine rac-19.
Tert-butyl (2R,3S)- and (2R*,3S*)-3-(3-(cyclopentyloxy)-4-methoxyphenyl)-2-((pivaloyloxy)methyl)

pyrrolidine-1-carboxylate (19). Rf = 0.30 (hexane/EtOAc = 3/1). 1H-NMR (300 MHz, 320K, COSY,
HSQC, CDCl3) δ 6.82 (d, J = 8.7 Hz, 1H, H15), 6.75–6.70 (m, 2H, H14 and H21), 4.76 (m, 1H, H18),
4.41–4.26 (m, 1H, H9′), 4.20 (br d, J = 9.9 Hz, 1H, H9”), 4.11–3.88 (br m, 1H, H2), 3.84 (s, 3H, H17),
3.77–3.62 (br m, 1H, H5′), 3.46–3.31 (m, 1H, H5”), 3.29–3.10 (br m, 1H, H3), 2.35–2.18 (m, 1H, H4′),
2.01–1.76 (m, 7H, H4′’, H19, H20′), 1.72–1.54 (m, 2H, H20”), 1.49 (s, 9H, H8), 1.21 (s, 9H, H12). 13C-NMR
(75 MHz, HSQC, DEPT135, CDCl3) δ 178.2 (C10), 154.2 (C6), 148.9 and 147.9 (C16 and C22), 135.1 (C13),
119.2 (C14), 114.0 (C21), 112.3 (C15), 80.5 (C18), 80.0 (C7), 63.5 (br, C9), 63.1 (br, C2), 56.2 (C17), 47.2 (C3),
46.3 (C5), 38.8 (C11), 32.8 (C19 and C19′), 31.8 (C4), 28.5 (3 C8), 27.2 (3 C12), 24.0 (C20 and C20′) (signals
are broadened due to the presence of N-Boc rotamers). HRMS (ESI): m/z calcd. for [C27H42NO6]+

476.3007, found 476.3006 [M + H]+.
(−)-(2R,3S)-19. Colorless oil, [α]D = −19.0 (c = 1, EtOAc, 24 ◦C). rac-19. Colorless oil.
Saponification of pivalate 19. Enantiopure or racemic pivalate 19 (67 mg, 0.14 mmol) was dissolved

in MeOH (2.8 mL) and a solution of KOH (237 mg, 4.2 mmol) in H2O (1.4 mL) was added. The mixture
was stirred at room temperature for 24 h. Then, acetic acid (0.4 mL) was added and the reaction mixture
was stirred for 5 min. The resulting solution was concentrated in vacuum. To the residue, MeOH
(2 mL) and Boc2O (0.065 g, 0.28 mmol) were added and the resulting solution was stirred for 1 h. Then,
volatiles were removed in vacuum and the residue was subjected to a column chromatography on
silica gel (hexane/EtOAc = 5/1→3/1→1/1) to yield 46 mg (84%) of prolinol 20.

Tert-butyl (2R,3S)- and (2R*,3S*)-3-(3-(cyclopentyloxy)-4-methoxyphenyl)-2-(hydroxymethyl)pyrrolidine-
1-carboxylate (20). Rf = 0.21 (hexane/EtOAc = 1/1). 1H-NMR (300 MHz, COSY, HSQC, CDCl3) δ

6.81 (d, J = 7.6 Hz, 1H, H13), 6.76 (d, J = 7.6 Hz, 1H, H12), 6.74 (s, 1H, H16), 5.13–4.88 (br, 1H,
H10), 4.77 (m, 1H, H18), 3.97–3.85 (br m, 1H, H2), 3.83 (s, 3H, H17), 3.80–3.66 (br m, 2H, H9′, H5′),
3.63 (dd, J = 11.5, 6.8 Hz, 1H, H9”), 3.44–3.27 (br m, 1H, H5”), 2.89–2.79 (br m, 1H, H3), 2.22–2.07
(br m, 1H, H4′), 2.02–1.75 (m, 7H, H20′, H19, H4′’), 1.67–1.57 (m, 2H, H20′’), 1.51 (s, 9H, H8). 13C-NMR
(75 MHz, HSQC, DEPT135, CDCl3) δ 156.8 (C6), 149.2 and 147.9 (C14 and C15), 133.3 (C11), 119.7 (C12),
114.5 (C16), 112.3 (C13), 80.5 (C18), 80.4 (C7), 67.1 (C2), 66.1 (C9), 56.2 (C17), 47.4 (C3), 47.0 (C5), 32.9 and
32.8 (C-4, C19 and C19′), 28.5 (3 C8), 24.0 (C20 and C20′). HRMS (ESI): m/z calcd. for [C22H33NO5Na]+

414.2251, found 414.2247 [M + Na]+.
(−)-(2R,3S)-20. Colorless oil, [α]D = −9.3 (c = 1, EtOAc, 24 ◦C). rac-20. Colorless oil.
Synthesis of (−)- and rac-CMPO. To a stirred solution of enantiopure or racemic prolinol 20 (45 mg,

0.115 mmol) in DCM (0.9 mL) was added CF3COOH (0.18 mL, 2.4 mmol) at 0–5 ◦C. The cooling bath
was removed, and the solution was stirred for 1 h. Then, volatiles were removed under reduced
pressure and the residue was dried until constant weight. The resulting trifluoroacetate was dissolved
in DCM (0.85 mL), and Et3N (0.08 mL, 0.58 mmol) and 1,1′-carbonyldiimidazole (47 mg, 0.29 mmol)
were added at rt. The solution was stirred for 18 h at rt, and then concentrated under reduced pressure.
The product was isolated by column chromatography on silica gel (hexane/EtOAc = 3/1) followed by
recrystallization from hexane\diethyl ether (ca. 1: 1). Yield: 18 mg (49%). 1H NMR spectra were in
agreement with previously published data [24].

(−)-(7S,7aR)-CMPO. White solid. Mp = 134–137 ◦C (lit.[24] 137–139 ◦C). HPLC analysis: ee > 97%
(RT 9.8 min; column CHIRALPAK IA-3 (15 cm); solvent Hexane/i-PrOH = 90:10; temperature 40 ◦C;
flow rate 1 mL/min). [α]D = −63.0 (c = 0.5, EtOAc, 25 ◦C). lit.[24] [α]D = −69.1 (c = 0.83, MeOH, 26 ◦C).

rac-CMPO. White solid. Mp = 103–104 ◦C (lit.[30] 99–101 ◦C). HPLC analysis: (+)-(7R,7aS)-CMPO

(RT 8.8 min) and (−)-(7S,7aR)-CMPO (RT 9.8 min); column CHIRALPAK IA-3 (15 cm); solvent
Hexane/i-PrOH = 90:10; temperature 40 ◦C; flow rate 1 mL/min.
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5. Conclusions

In conclusion, we were able to solve the problem of site-selective C–H oxygenation of the
cyclic nitronate intermediate in the asymmetric synthesis of a potent PDE4 inhibitor CMPO by
using tandem acylation/(3,3)-sigmatropic rearrangement. In comparison with the previous synthesis,
this method afforded the required 3-oxymethyl-substituted 1,2-oxazine intermediate in a much higher
yield (76% vs. 27%). This key intermediate could be readily converted into the target (−)-CMPO

by the reductive contraction of the 1,2-oxazine ring followed by deprotection and carbamylation
with Im2CO. A rapid epimerization of the C-6 acetal moiety was observed upon the reduction of the
5,6-dihydro-4H-1,2-oxazine ring with NaBH3CN in acetic acid. DFT calculations suggest that the
epimerization is favored by an unprecedented double anchimeric assistance from a remote acyloxy
group and the nitrogen atom of the 1,2-oxazine ring.

Supplementary Materials: The following are available online: NMR spectra for compounds 10, 17, 18, 18′, 19, 20
and CMPO, chiral phase HPLC chromatograms for rac-CMPO and (−)-CMPO, Cartesian coordinates, absolute
energies for all optimized geometries.
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Abstract: Hexapyrrolohexaazacoronene (HPHAC) is one of the N-containing polycyclic aromatic
hydrocarbons in which six pyrroles are fused circularly around a benzene. Despite the recent
development of HPHAC analogues, there is no report on direct introduction of functional groups into
the HPHAC skeleton. This work reports the first example of nitration reaction of decaethylHPHAC.
The structures of nitrodecaethylHPHAC including neutral and two oxidized species (radical cation
and dication), intramolecular charge transfer (ICT) character, and global aromaticity of the dication
are discussed.

Keywords: hexapyrrolohexaazacoronene; nitration; SNAr substitution; ICT character; aromaticity

1. Introduction

Introduction of functional groups into π-conjugated systems is a straightforward way to tune their
chemical and physical properties. A nitro group is one of the most useful groups for such purpose.
Aromatic nitro compounds have been studied and utilized for medicines, pesticides, dyes, pigments,
plastics raw materials, and so on. The functional group strongly stabilizes electron-rich polycyclic
aromatic hydrocarbons (PAHs) and can be transformed to many other functional groups by simple
reactions [1]. When the nitro group is introduced to large π-conjugated compounds, the LUMO levels
would be sufficiently lowered so that nucleophiles could directly attack the π-conjugated systems.
The nitro group can be easily transformed into an amino group, which is recognized as one of the most
powerful electron-donating groups, as well. Therefore, nitration reaction is one of the first choices
for further derivatization of aromatic compounds. Recently, large π-conjugated materials with a nitro
group and their derivatives have attracted continuing attention from many research areas [2–14].

Hexapyrrolohexaazacoronene (HPHAC) is a nitrogen-embedded PAH, consisting of circularly
connected pyrroles around a benzene core and is easily prepared from hexapyrrolylbenzene by the
Scholl oxidation using FeCl3 [15], 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in the presence of
trifluoromethanesulfonic acid [16], or N-bromosuccinimide (NBS) [17]. The HPHAC π-system consists
of local π-systems of six pyrroles and one benzene and has a non-aromatic character in the whole
molecule. Due to the pyrrole moieties, on the other hand, multiple oxidation levels of HPHAC are
reversibly generated, and its dication shows global aromaticity owing to the cyclic conjugation of
a 22π-electron system. So far, HPHAC-hexabenzocoronene-hybridized [18], ethylene-bridged [19],
periphery-expanded [20,21], core-expanded [16], azulene-fused [22], β,β-thieno-fused [23], chiral [24],
antiaromatic [25], andσ-dimerized [26] types of its analogues have been reported. However, a peripheral
substitution reaction of HPHAC has never been reported yet. Functionalization of HPHACs has all
been dependent on the composed pyrroles employed. Herein, we report the first example of nitration
on decaethylHPHAC (DEHPHAC 1a), leading to nitroDEHPHAC 2a (Scheme 1). The fundamental
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properties of nitroDEHPHAC 2a were investigated by NMR and absorption spectroscopy, single crystal
X-ray structure analysis, and theoretical calculations.

Scheme 1. Synthesis of nitroDEHPHAC 2a and its oxidized salts 2a•+[PF6
−] and 2a2+[PF6

−]2. Reagents,
conditions, and yield: (i) FeCl3, CH3NO2/CH2Cl2, reflux; 67%; (ii) AgNO2 (9.7 equiv.), CH2Cl2, rt; 51%;
(iii) AgPF6 (1.0 equiv.), CH2Cl2, rt; quant.; (iv) AgPF6 (2.0 equiv.), CH2Cl2, rt; quant.

2. Results and Discussion

DEHPHAC 1a was synthesized from N-(2,3,4,5,6-pentafluorophenyl)-1H-pyrrole via decaethylated
hexapyrrolylbenzene DEHPB by SNAr and successive Scholl reactions in accordance with the previously
reported procedure [15,27]. The nitration of 1a was then carried out with silver nitrite. In contrast
to the cases of corrole and porphyrin [28,29], DEHPHAC 1a did not dimerize by this oxidant but
was transformed into nitroDEHPHAC 2a in a 51% yield (Scheme 1). The nitration mechanism is not
unclear at this moment although we suppose a coupling of cation radical 2a•+ with nitrogen dioxide
(•NO2) plays a key role. The crude product was purified by silica-gel column chromatography with
hexane and toluene as the eluent. The structure of 2a was unambiguously identified by 1H-NMR,
high-resolution LDI-TOF MS, and X-ray single-crystal structure analyses.

The 1H-NMR spectrum of 2a exhibited signals due to one β-proton of pyrrole and fifty protons
of ethyl groups, and these signals appeared in the lower fields compared to those of 1a due to an
electron-withdrawing effect of the nitro group. Single crystals were fortunately obtained by vapor
diffusion of methanol into the toluene solution of 2a. The X-ray crystal structure analysis revealed
the averaged bond length of the N-O moiety is 1.233(6) Å, the value of which is similar to that of
nitrobenzene (1.226 Å) [30]. The molecules in the crystal adopted a slipped columnar structure with
π–π stacking distances of 3.406 and 3.449 Å, calculated by the mean planes of 24 atoms forming
hexaazacoronene. The values are almost the same as the sum of van der Waals (vdW) radii of carbon
atoms (ca. 3.4 Å) (Figure 1A,B).

Figure 1. Crystal structures of 2a. (A) Top view and (B) packing structures with the selected
atomic distances.
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To investigate the intramolecular charge transfer (ICT) character between the electron-rich HPHAC
moiety and the nitro group, the absorption spectra of 1a and 2a were considered by the comparison
with density functional theory (DFT) and the time-dependent density functional theory (TD-DFT)
calculations of decamethylHPHACs (DMHPHACs 1b and 2b), where all ethyl groups of 1a and 2a

were replaced by methyl groups for simplicity (Supplementary Information Sections 7, 8, 9, and 10).
The cut-off of 2a in a CH2Cl2 solution is bathochromically shifted by ca. 200 nm compared to that of
1a (Figure 2). A characteristic broad band around 540–740 nm is ascribed to the mixed transitions of
HOMO–LUMO and HOMO−1–LUMO, according to TD-DFT calculations (Supplementary Information
Section 7). Figure 3 shows the molecular orbitals (MOs) of 1b and 2b. By the introduction of a nitro
group on DMHPHAC 1b, both HOMO and LUMO levels are lowered, and the decrease of the LUMO
energy is larger than that of HOMO (�E= 0.86 for LUMO and 0.39 eV for HOMO). The LUMO is derived
from the nitro group, mainly located at the nitro group, and slightly developed to the DMHPHAC
skeleton. The LUMO+1 of 2b is correlated to the LUMO of 1b, and the LUMO+2 and LUMO+3
of 2b are from degenerated LUMO+1 and LUMO+2 of 1b. As a result, the HOMO–LUMO gap of
nitroDMHPHAC 2b is narrower than that of 1b, which is attributable to the broad absorption band in
the longest wavelength region of the ICT transition. In fact, positive solvatochromism was observed
for 2a in various solvents (Supplementary Information Section 4) because of strong stabilization of
polarized LUMO of 2a by polar solvents. NitroDEHPHAC 2a showed little emission.

Figure 2. UV–VIS spectra of 1a (orange) and 2a (green) in CH2Cl2.

Figure 3. Molecular orbital diagrams of DMHPHACs 1b and 2b calculated at the B3LYP/6-31G(d,p) level.
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Electrochemical properties of 2a were examined by cyclic and differential pulse voltammograms
(CV and DPV) (Figure 4). CV of 2a showed two reversible oxidation waves at −0.20 and 0.07 V against
a ferrocene/ferrocenium ion couple, values of which are low compared to those of 1a. Thus, oxidative
titration of 2a was performed with pentachloroantimony(V) as monitoring the absorption spectra and
resulted in the two-step changes with isosbestic points from neutral to radical cationic and then to
dicationic species (Figure 5 and Supplementary Information Section 7). The peak maxima of radical
cationic and dicationic species appeared in the visible to NIR region at 627 and 688 nm together with a
broad band centered at ca. 1150 nm and at 784 and 884 nm with a broad band centered at ca. 1450 nm,
respectively, which are characteristic for the previously reported the HPHAC radical cations and
dications [15].

Figure 4. Cyclic and differential pulse voltammograms (CVs and DPVs) of DEHPHAC 1a (orange) and
2a (green). (Concentration: 0.1 M in CH2Cl2, supporting electrolyte: 0.1 M TBAPF6).

Figure 5. Stepwise oxidation of DEHPHAC 2a with SbCl5 in CH2Cl2 ([2] = 6.79 × 10−6 M).

For better understanding of the structures and electronic properties of oxidized species, the radical
cation and dication of 2a were aimed to be prepared by controlling the amount of an oxidant employed
(Scheme 1). Both species were quantitatively obtained by the oxidation of proper amounts of silver(I)
hexafluorophosphate as the oxidant, successfully isolated as hexafluorophosphate salts (isolated yields
were not determined) and stable enough to handle under air in the solid states. Single crystals of
2a•+[PF6

−] were obtained by slow vapor diffusion of hexane into the chlorobenzene solution and were
subject to X-ray analysis. The crystal turned out to be composed of one molecule of 2a•+[PF6

−] and
one and a half molecules of chlorobenzene in the asymmetric unit, and the radical cation molecule
of 2a•+ was revealed to form a π-dimeric structure by an inversion center in the unit cell (Figure 6
and Supplementary Information Section 5). The closest atoms between the neighboring molecules
in the π-dimer faced by the convex side are found in the benzene core, and the distance is 3.173 Å.
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The distance of the mean planes of 24 hexaazacoronene atoms was 3.348 Å. These values are shorter
than the sum of vdW radii of carbon atoms, strongly suggesting the π-dimer formation between two
radical cations [31–34].

Figure 6. Crystal structure of (2a•+[PF6
−]). The closest atomic (red) and plane (blue) distances

are indicated.

The X-ray crystal structure of dication 2a2+[PF6
−]2 was also determined and illustrated in

Supplementary Information Section 5. In general, the bond-length alternation (BLA) is important to
discuss the nature of π-system. Table 1 shows the selected bond lengths of the pyrrole rings of neutral
2a, radical cation 2a•+, and dication 2a2+. By increasing the number of oxidation states, the averaged
bonds of Cα-Cα and Cβ-Cβ become shorter, and the bond of Cα-Cβ becomes longer, while that of Cα-N is
nearly identical. These results indicate the delocalized radical and cation as observed for the previous
system [15,16]. 1H-NMR of 2a2+ clearly exhibits a downfield shift for the β-proton of pyrrole moiety
(δ = 3.53 ppm) compared with that of neutral 2a (Supplementary Information Section 6), demonstrating
global aromaticity of 2a2+ as observed for 1a2+. The anisotropy of the induced current density (ACID)
calculation for 2b2+ also supports global aromaticity (Supplementary Information Section 8). Notably,
although the chemical shifts of β-protons of 2a2+ and 1a2+ are almost the same, ethyl protons of 2a2+

appear to be upfield-shifted (CH2: Δδ ≈ 0.15 ppm) despite the existence of the electron-withdrawing
nitro group. Based on the nucleus-independent chemical shift (NICS) calculation, global aromaticity of
2a2+ seems to be weaker than 1a2+ (Supplementary Information Section 8). Therefore, the slight upfield
shifts of ethyl protons of 2a2+ would reflect the weaker global aromaticity, and the similar chemical
shift values of β-proton of 2a2+ and 1a2+ observed would be due to cancellation of the conflicting
effects of downfield (NO2) and upfield (diminished global aromaticity).

Table 1. Selected bond lengths of 2a, 2a•+[PF6
−], and 2a2+[PF6

−]2 (the bonds in nitro-substituted
pyrrole moiety were omitted due to the disorder) [Å] 1.

Bond Neutral Radical Cation Dication

Cα-Cα

Cβ-Cβ

Cα-Cβ

1.482(3)
1.435(3)
1.391(5)

1.463(8)
1.418(4)
1.407(7)

1.442(6)
1.396(5)
1.429(5)

Cα-N 1.394(4) 1.392(6) 1.389(7)
1 Averaged values are shown with standard deviations calculated by the following Equation:

{
∑

(xi−<x>)2/(n−1)}1/2 (1)

3. Conclusions

The first example of nitration reaction of DEHPHAC 1a giving nitroDEHPHAC 2a was presented.
The ICT character of 2a from the electron-rich HPHAC core to the periferal nitro group was confirmed
by diagnosis of the solvatochromiclly-shifting absorption centered at ca. 640 nm with TD-DFT
calculations. Similar to the DEHPHAC 1a, nitroDEHPHAC 2a also showed stable redox properties.
Crystallographic analysis of 2a in not only neutral but radical cationic and dicationic states was
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performed to reveal a slipped columnar structure for the neutral molecule, π-dimeric structure for
the radical cation, and anion-separated structure for the dication. These properties can be applied for
supramolecular chemistry and organic electronics such as field effect transistor. Studies including the
further derivatization and functionalization of HPHACs are currently underway in our laboratory.

4. Materials and Methods

1H and 13C-NMR spectra were recorded on JEOL (Akishima city, Japan) AL-400 at 400 MHz
or Bruker Biospin (Osaka, Japan) AVANCE III at 500 MHz for 1H and 100 MHz for 13C with use
of tetramethylsilane (0 ppm) or residual solvent for 1H (7.26 ppm for CDCl3) and 13C (77.01 ppm
for CDCl3) signals, and if not otherwise noted, all spectra were measured in CDCl3 at 298 K. Cyclic
voltammetry (CV) measurements were performed on a CH Instruments-ALS612B electrochemical
analyzer using a standard three-electrode cell consisting of Pt working electrodes, a Pt wire counter
electrode, and an Ag/AgNO3 reference electrode under a nitrogen atmosphere. The potentials were
calibrated with ferrocene as an external standard. IR measurements were performed with Thermo
Fischer Scientific (Tokyo, Japan) Nicolet iS5 FT-IR. Decomposition points were determined with Büchi
M–565 and not corrected. Electronic spectra were recorded on a JASCO (Hachioji, Japan) V–570
UV–VIS/NIR spectrophotometer. High-resolution laser desorption/ionization time-of-flight mass
spectra (HR LDI-TOF) were measured on JEOL (Akishima, Japan) JMS-S3000.

All reactions were carried out under nitrogen atmosphere. Thin-layer chromatography (TLC)
analyses were carried out using silica gel 60 F254 and aluminum oxide 60 F254, neutral (Merck
Millipore, Tokyo, Japan). Silica-gel chromatography was performed on Silica Gel 60 N (spherical,
neutral) purchased from Kanto Chemical Co., Inc. (Tokyo, Japan) Alumina column chromatography
was performed on activated alumina (about 200 mesh) purchased from FUJIFILM Wako Pure
Chemical Corporation (Osaka, Japan). Dry solvents were purchased from Kanto Chemical Co.,
Inc. (dichloromethane).

4.1. Synthesis of N-[2,3,4,5,6-Pentakis(3, 4-Dimethylpyrrolyl)Phenyl]Pyrrole (DEHPB)

Sodium hydride dispersion in paraffin oil (ca. 60%, 380 mg) was weighed in a round flask, and the
oil was removed by dry hexane. After drying, sodium hydride was weighed to be 207 mg (8.63 mmol),
and the flask was sealed by a rubber septum. N-(2,3,4,5,6-Pentafluorophenyl)-1H-pyrrole [15] (180 mg,
0.773 mmol) in dry DMF (10 mL) was added to the flask by a syringe at 0 ◦C, then 3,4-diethylpyrrole
(577 mg, 4.68 mmol) in dry DMF (5.0 mL) was added dropwise at the same temperature, the mixture
was stirred, and then, the temperature was raised to 40 ◦C. After being stirred for 20 h, the reaction
mixture was poured into water. The mixture was extracted with ethyl acetate. The organic extract
was washed with water, dried over Na2SO4, and concentrated under a reduced pressure to give a
crude product as a white solid. The crude product was purified by trituration with MeOH to give
DEHPB as a white powder (468 mg, 0.624 mmol; 81%): 1H-NMR (400 MHz) δ 0.93 (m, 30H), 2.21
(q, J = 7.4 Hz, 20H), 5.70 (s, 4H), 5.72 (s, 6H), 6.00 (m, 2H), 6.16 (m, 2H); 13C-NMR (100 MHz) δ 14.80,
14.82, 14.84, 14.90, 14.93, 14.99, 18.49, 18.51, 110.08, 117.34, 117.45, 121.35, 126.39, 126.57, 126.58, 126.61,
132.13, 133.03, 133.41, 133.86. DI MS m/z 749 (M++1). IR (ATR) νmax = 1494, 1488, 1122, 773, 723 cm−1

(Supplementary Information Sections 1–3).

4.2. Synthesis of 1,2,3,4,5,6,7,8,9,10-Decaethylhexapyrrolo [2 ,1,5-bc:2′,1′,5′-ef:2′′,1′′,5′′-hi:2′′′,1′′′,5′′′-kl:
2′′′′,1′′′′,5′′′′-no:2′′′′′,1′′′′′,5′′′′′-qr][2a,4a,6a,8a,10a,12a]Hexaazacoronene (DEHPHAC 1a)

To a CH2Cl2 (100 mL) solution of DEHPB (369 mg, 0.492 mmol) was added a CH3NO2 (5 mL)
solution of FeCl3 (2.8 g, 18 mmol) at room temperature. After being stirred for 3 h at 60 ◦C, the mixture
was cooled to 0 ◦C, and then, hydrazine hydrate (5 mL) was added. The mixture was further stirred
for 5 min at 0 ◦C. The mixture was extracted with toluene. The organic phase was washed with water,
dried over Na2SO4, and concentrated under a reduced pressure. The residue was dissolved in a small
amount of toluene and then passed through a short column of alumina. The eluate was concentrated
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to give a reddish brown solid. The solid was recrystallized from toluene/MeOH to give 1a as orange
crystals (250 mg, 0.359 mmol, 67%): 1H-NMR (400 MHz, C6D6) δ 0.85 (m, 30H), 2.09 (q, J = 7.4 Hz,
20H), 5.66 (s, 2H); 13C-NMR (100 MHz) δ 15.33, 16.98, 17.18, 17.87, 17.99, 18.05, 104.95 (2 kinds of C),
105.63, 106.25, 106.30, 106.60, 117.61, 117.98, 118.48, 118.77, 120.20, 122.01, 122.56, 122.72, 122.75, 122.99.
HR-LDI-TOF MS: calcd. for C50H52N6

+: 736.4253; found: 736.4287. IR (ATR) νmax = 1630, 1448, 1371,
1360, 744 cm−1 (SI Sections 1–3).

4.3. Synthesis of nitroDEHPHAC 2a

Dichloromethane (50 mL) was added to a mixture of DEHPHAC 1a (49 mg, 0.067 mmol) and
AgNO2 (100 mg, 0.65 mmol). The suspension was stirred vigorously at 20 ◦C for 1.5 h. After addition of
hydrazine hydrate (ca. 1 mL), the solution was concentrated under a reduced pressure. A minimum solution
of the residual solid in toluene was put on a silica-gel column filled with hexane, and then, the column
was eluted with toluene. Green fractions were combined and then concentrated in vacuo to give 2a

(27 mg, 0.034 mmol, 51%) as a dark green solid: 1H-NMR (400 MHz) δ 6.47 (s, 1H), 2.37–2.78 (m, 20H),
1.11–1.27 (q, 27H), 1.05 (t, 3H, 3J = 7.3 Hz). 13C-NMR (125 MHz) δ 133.75, 131.91, 126.19, 125.62, 125.00,
124.43, 124.10, 123.92, 123.79, 123.67, 122.87, 121.61, 120.73, 119.77, 119.35, 118.79, 108.25, 107.84, 106.60,
106.44, 106.29, 103.60, 102.02, 19.171, 18.14, 17.99, 17.657, 16.980, 16.87, 16.47, 15.31, 15.02. (The signals
due to core benzene carbons were not found). HR-LDI-TOF MS: calcd. for C50H51N7O2

+: 782.4104;
found: 782.4106. IR (ATR) νmax = 1626, 1360, 1309, 1275, 1240 cm−1 (SI Sections 1–3).

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/25/11/2486/s1.
Section 1: NMR spectra of 1a and 2a; Section 2: Mass spectra of DEHPB, 1a, and 2a; Section 3: IR spectra of DEHPB,
1a, and 2a; Section 4: Absorption spectra of 2a in various solvents and dipole moments of 1b, 2b, and 2b2+; Section
5: X-ray structures of 2a, 2a•+, and 2a2+; Section 6: 1H-NMR spectra of 2a, 2a2+, and 1a2+ in CDCl3; Section 7:
UV/Vis/NIR spectra of DEHPHACs 2a, 2a•+ and 2a2+ with results of TD-DFT calculations of the corresponding
DMHPHACs 2b, 2b•+, and 2b2+; Section 8: ACID plots and NICS calculations of nitroDEHPHACs 2b and 2b2+;
Section 9: Bond lengths and ESP surfaces of 1b and 2b in the optimized structures; Section 10: Atomic coordinates
of 2b, 2b•+ and 2b2+ in the optimized structures.
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Abstract: Perylenediimide (PDI) is one of the most important classes of dyes and is intensively
explored in the field of functional organic materials. The functionalization of this electron-deficient
aromatic core is well-known to tune the outstanding optoelectronic properties of PDI derivatives.
In this respect, the functionalization has been mostly addressed in bay-positions to halogenated
derivatives through nucleophilic substitutions or metal-catalyzed coupling reactions. Being aware
of the synthetic difficulties of obtaining the key intermediate 1-bromoPDI, we will present as an
alternative in this review the potential of 1-nitroPDI: a powerful building block to access a large
variety of PDI-based materials.
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1. Introduction

Perylenediimide (PDI) derivatives, discovered by Kardos in 1913 [1], have been extensively studied
and exploited in many fields. First, taking advantage of their outstanding high chemical, thermal and
photochemical stability [2], they have been initially used as red dyes and pigments [3,4], in paints,
lacquers and reprographic processes [5], This application results from the strong visible-light absorbing
capabilities of PDI, whose UV-vis spectrum displays three characteristic bands spanning from 430 to 550
nm with high extinction coefficient (up to≈105 M−1 cm−1). Those optical properties are the consequence
of the strong conjugation within its molecular structure corresponding to an electron-rich polyaromatic
core, the so-called perylene, substituted with two electron-withdrawing imide groups at the 3,4 and
9-10-peri-positions. Besides, PDI derivatives display very high quantum yields of fluorescence (close to
1), which enables their development as fluorescent dyes [6], near-IR dyes [7], molecular switches [8] and
dye lasers [9]. In addition to their excellent photophysical properties, the electron-poor character of PDI
is highlighted by a first reduction potential around –1 eV vs. the ferrocenium/ferrocene (Fc+/Fc) couple.
These characteristics make PDI a strong electron acceptor, with low lying LUMOs and high electron
mobility; it is recognized among the best n-type semiconductors available to date and provides strong
prospects for investigations in organic solar cells (OSCs) as a good alternative to fullerene [10–13].
Owing to those particular opto- and electrochemical characteristics, PDIs promote photoinduced
electron and/or energy transfer processes and were intensively exploited as building blocks to construct
light-harvesting arrays and artificial photosynthetic systems [14–22]. Finally, besides the evident
applications in electronic devices, the interest for those properties is growing in medicine, such as for
photodynamic therapy [23], as PDIs have shown biocompatibility [24] when correctly decorated with
water-soluble groups.

For all those applications relative to absorption, emission and electron-accepting capabilities,
the fine and desired tailoring of the photoredox properties through the tuning of the HOMO-LUMO
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band gap of PDI is required. Among all the synthetic tools to do so, the most popular methods
consist in (1) modifying the size of the conjugated system; (2) changing the planarity of the
molecule to affect the π-π interactions by introducing bulky substituents or promoting annulations;
(3) inserting electro-donating or withdrawing groups; (4) replacing a carbon atom by a isoelectronic
heteroatom (doping method) [25–27]. All those strategies have been widely applied to PDI derivatives,
mostly through the functionalization of the perylene core at the ortho or bay positions, as modifications
at the imide position barely influence the photoredox properties but mostly affect the solubility of
the material [28,29]. Historically, the functionalization of the perylene core has been achieved via
the formation of key halogenated-PDIs intermediates in the positions 1,12 and 6,7 (bay region); in
particular, 1,6,7,12-tetrachlorinated or 1-mono and 1,6/1,7-dibrominated PDIs. In this review, we will
present the emergence of nitro-substituted PDIs as new key intermediates for modifying the molecular
structure of the PDI core and efficiently tuning its HOMO-LUMO band gap (Figure 1). A particular
attention will be given to the monofunctionalization of PDI at the bay position (position 1).

Figure 1. 1-NitroPDI, a key intermediate for reaching various bay-substituted-PDI structures with
distinct photoredox properties. Frontier orbital energy (HOMO-LUMO) levels of PDIs. Wavelengths
(nm) of maximal absorption of light are shown. The data were collected from references [30–35].

2. Nitration vs. Bromination Conditions of Perylenediimide Derivatives

Nitration or halogenation, and more specifically chlorination or bromination, on the perylene core
through electrophilic substitution (SEAr) affords key building blocks for further functionalization of PDI
derivatives. Such a reaction enables the decoration of the bay positions with respect to Holleman rules,
according to the electron withdrawing character of the diimide groups. Historically, the tetra-chlorination
of PDIs has enabled the emergence of wide applications by increasing solubility in organic solvents
with a significant twisting of the perylene core and the possibility to tune their electronic properties [36].
In this review, we are focusing on the bis, and essentially, the mono-bay-functionalization of PDIs,
which limit the twisting of the perylene. To do so, the most popular method is the introduction of bromine
atom(s), which can subsequently be replaced through nucleophilic substitution or pallado-catalyzed
organometallic coupling reactions. We are herein highlighting that the (mono) nitration of PDI should
be considered as an excellent alternative to the (mono)bromination.
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For the mono and bis bromination reactions, numerous synthetic strategies have been
reported [29]. Nevertheless, the most used pathway using the milder conditions is shown in Scheme 1.
Typically, the reactions occur in a chlorinated solvent, in the presence of a large excess (>50 equiv)
of bromine at room temperature for more than 2 days to reach 1-bromoPDI 3, or under reflux for
more than 1 day to obtain a mixture of regioisomers 1,6 and 1,7-dibromoPDI 2 in ratio ≈1:3 [37].
The mono-bromination conditions afforded a complicated mixture of dibromo (25%), monobromo
(50%) and unreacted PDI requiring fastidious purification by chromatography. Moreover, practically,
the quenching of large excess of bromine is a critical step and limits the large-scale use of this essential
precursor of PDI-based materials.

 
Scheme 1. Mono and bis-nitration vs. mono and bis-bromination of PDI. R= 1-ethylpropyl; R′ = cyclohexyl.
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The mononitration of PDI 1 is more selective, owing to the electron-withdrawing inductive
and mesomeric effects of the nitro group, which sufficiently deactivates the PDI core towards the
second electrophilic substitution. The reaction was initially performed by Langhals and colleagues,
who attained 98% yield using a solution of N2O4 gas (prepared by strong heating of Pb(NO3)2) and
methanesulfonic acid (CH3SO3H) as the catalyst in CH2Cl2 [38,39], and this was achieved more easily
using nitric acid in the presence of cerium (IV) ammonium nitrate (CAN) in CH2Cl2 with nearly
quantitative yields [30,31,40–46]. The kinetics of the reaction were reported to be higher using a mixture
of HNO3 and H2SO4 [47–49]. Later, it was shown that the nitration reaction could be carried out using
an excess of fuming nitric acid (≈25 equiv), wherein the addition of CAN was not improving the yield
or favoring the kinetic of the reaction [32,50]. allowing the preparation of mononitroPDI 5 in 93%
yield (at room temperature and in short time) in a multigram scale without the need of purification by
silica gel chromatography (Scheme 1) [51]. Under the same conditions, and only by carrying out the
reaction for a longer time (6 h), the bis-nitration can occur to afford the two regioisomers (1,6)-and
(1,7)-dinitroPDI 4 with no, or almost no selectivity [52]. Notably, when the reaction was described in
the presence of CAN for 48 h, the authors claimed a selectivity in favor of the regioisomer (1,7) 4b (3:1)
and the possibility of separating the two regioisomers by HPLC or repetitive crystallizations [40,53].

Hence, the functionalization of PDI and in particular its mono-functionalization is far more
efficient in terms of yield, time reaction, purification, atom economy, etc., through its nitration than
its bromination.

3. Reactivity of 1-NitroPerylenediimide

3.1. Nucleophilic Substitution of the Nitro Group

The fine and controlled tuning of the electrochemical and optical properties of PDIs is of great
interest for engineering fluorophores, color pigments, acceptors in organic transistors and solar cells, etc.
To respond to this demand, the synthetic strategy is to attach electron-donating or electron-withdrawing
groups on the perylene core. The functionalization with amine and alcohol through nucleophilic
substitution is the most common approach. The amino group on the bay position, for instance,
drastically changes the optoelectronic properties of PDI, with a long-wavelength charge transfer band,
owing to the HOMO located on the amine and the LUMO on the PDI. This strategy has been widely
explored using halogenated PDI; in particular, bromo-PDI [29]. As an example, the replacement of
bromine atoms in a mixture of 1,6 and 1,7-dibromoPDIs 2 by pyrrolidine moieties was carried out in
80% yield heating the reaction in neat pyrrolidine at 50 ◦C for 18 h [54].

Thanks to the strong electron-withdrawing character of nitro group, nucleophilic substitution
reactions can be easily achieved from 1-nitroPDI 5 (Scheme 2). X. Kong et al. described smooth
substitutions of 1-nitroPDI with phenol derivatives, ethanol, propanethiol and pyrrolidine as
nucleophiles [55]. When stirring at room temperature with 4-tertbutylphenol in the presence of
K2CO3 and a catalytic amount of KI in NMP, the reaction afforded the desired product 6a in 90%
yield. The reaction can occur in DMF or CHCl3 in lower yields (less than 65%). Similar conditions
were also described to replace the nitro group by electron poor phenoxy and aliphatic ether and
thioether in CHCl3 or DMF [48,49], which required higher temperature when using aliphatic thiol or
alcohol. Remarkably, stirring 1-nitroPDI in neat pyrrolidine at 0 ◦C already promoted the nucleophilic
substitution to give 9 in 30% yield, which highlights the high reactivity of the nitro group toward
SNAr [55]. Nevertheless, when the reaction was carried out above 25 ◦C, the major product surprisingly
formed was 1,6-disubstituted PDI 10 without any further discussion from the authors justifying the
presence of this side product.

70



Molecules 2020, 25, 1402

 

Scheme 2. Nucleophilic substitutions from 1-nitroPDI 5. R = cyclohexyl.

3.2. Access to Core-Extended Annulated PDI

The incorporation of annulated-heteroatoms such as S [56], Se [46], or N [50], in the bay positions
of the PDI core is recognized to be one of the most effective method to decrease its electron affinity as
well as to reduce the intermolecular aggregation between PDI units [57]. In this respect, important
research effort has focused on the synthesis of heteroatom-annulated PDIs for the elaboration of high
performance organic semiconductors and organic solar cells. To the best of our knowledge, 1-nitroPDI
5 is the most convenient starting material to reach those structures.

Pioneering results were obtained by H. Langhals et al. to reach five-membered rings S- and
N-annulated PDIs [38]. The reaction between nitroPDI 5 in neat triethylphosphite, known as Cadogan
cylization, yielded to a mixture of carbazole fused PDI 11 and phosphorylated PDI 12 (Scheme 3).
The reducing agent promoting the formation of the nitrene intermediate can indeed give rise to a
competitive nucleophilic substitution of the nitro group. The protocol was later improved by G. C.
Welch and colleagues, who replaced the phosphorous ester by triphenylphosphine in DMF affording
desired product 11a in 67% yield [50]. This yield was considerably increased (91%) when using
microwave irradiation in o-dichlorobenzene at 180 ◦C for 2 h [58]. An interesting alternative to
this method, which does not require high temperature or generate phosphine oxide, was found by
serendipity in our group. Adding a small excess of sodium azide to nitro-PDI in a THF/DMF mixture at
room temperature afforded the N-annulated PDI 11b in 76% yield [33]. We assume that a nucleophilic
substitution first occurs followed by the formation of a nitrene intermediate, which spontaneously led
to the carbazole ring. This N-containing ring allows the introduction of an extra solubilizing chain
using an alkyl halide, or the functionalization with another chromophoric unit to reach a dyad [59].
or the dimerization of N-annulated PDI with a linker via a Buchwald-Hartwig coupling [58].

Moreover, in the original work of H. Langhals, the authors also described the use of sulfur on
nitroPDI 5 in DMF or NMP, leading to a mixture of two sulfur containing heterocycles 14 and 15

in different ratio depending on the solvent and the temperature. Notably, at a high temperature in
DMF, only thiophene-annulated PDI 14 was formed in 71% yield [38]. L. Chen et al. reported the
formation of derivatives 14 and 15 in 34% and 42% yields respectively, by heating the reaction in DMF
at 120 ◦C [60]. On the other hand, bubbling O2 or adding selenium powder into 1-nitroPDI 5 in NMP
at 180–190 ◦C led to O-annulated PDI 16 [61]. or selenophene-heterocycle 17 in 30% and 80% yields,
respectively [46]. Those syntheses were also applied to the bay-annulation of the perylene tetraester by
S. Achalkumar and colleagues [34]. Besides, the authors nicely reported the effect of the heteroatom on
the molecular self-assembly.
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Scheme 3. Mono-heteroatom-annulation from 1-nitroPDI 5. R = cyclohexyl.

The possibility of introducing two alkyl chains to enhance the solubility of heteroatom-fused PDIs
was explored with the synthesis of pyran-annulated PDI compounds (Scheme 4) [32]. Monopyran-fused
PDIs 18 were prepared from 1-nitroPDI via a one-pot nucleophilic substitution/cyclization sequence
using 2-nitro-propane or diethyl malonate in NMP at room temperature in 85% and 79%, respectively.
The nitration of those derivatives led selectively and almost quantitatively to 7-nitro-pyran-fused PDIs
19, possibly owing to the electron donating character of the pyran. By subsequent cyclization under
the same conditions, bispyran-fused PDIs 20 were obtained.

Following the same sequential synthesis, S-annulated PDIs 14 and 15 were nitrated and bis-bridged,
affording unsymmetrical S-PDI-2S 21 in both cases in 76% yield over two steps [60]. In the same
work, a one-pot synthesis of the same product was also reported from a mixture of 1,6 and
1,7-dinitro-PDIs 4 in 80% yield. In addition, the S and O-doping strategies were mixed, and in
this respect, 7-nitro-pyran-fused PDI 19b was S-annulated in the presence of sulfur powder yielding
to the mixture of two sulfur- and oxygen-containing heterocycle PDIs 22 and 23. Notably, the two
derivatives display very different optical properties, as depicted in the pictures in Scheme 4 [62].

Finally, the bis-sulfur-annulation was applied to a fused-PDI dimer 24 through nitration of the
parent dimer (Scheme 5) [63]. The reaction with sulfur powder in refluxing NMP afforded a mixture of
multisulfur-fused-PDIs 25, 26 and 27.

The three products display different optoelectronic properties, and their performances as
non-fullerene acceptors (NFAs) in organic bulk heterojunction (BHJ) were demonstrated with power
conversion efficiency (PCE) up to 6.9% and high fill factors (>60%).
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Scheme 4. Bis-heteroatom-annulation from nitroPDI derivatives. R = cyclohexyl, R′ = 1-ethylpropyl.
Pictures adapted with permission from reference 62. Copyright (2018) John Wiley and Sons.

 
Scheme 5. S-annulated fused PDIs. R = 1-pentylhexyl.

3.3. Palladium-Catalyzed Cross-Coupling Reactions

The bay-decoration of PDI through the formation of C-C bond has been widely employed in organic
electronics, such as for the elaboration of OSCs using donor-acceptor (D-A) systems or PDI-based NFAs.
The synthetic methodology usually followed is the bromination of PDI in bay position and subsequent
Pd-catalyzed cross-coupling reaction. However, as already discussed, the monobromination of PDI
suffers from many disadvantages compared to the mononitration (see Section 2).

Recently, the use of nitroarenes as electrophilic partners in Pd-catalyzed couplings for the creation
of C-heteroatoms and C-C bonds has been recognized [64]. In particular, the Suzuki–Miyaura coupling
(SMC) with nitroarenes has been demonstrated in 2017 by Y. Nakao and S. Sakaki [65,66].
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The first example of a SMC reaction using an electron-deficient arene system such as PDI 5 bearing
a nitro group as the electrophilic coupling partner was reported in our group [51]. This reaction uses a
straightforward procedure with 4-formyl or 3-formyl phenylboronic acid in the presence of Pd(PPh3)4

and K3PO4 as a base in refluxing THF, affording 28 and 29 in 85% and 81% yields, respectively
(Scheme 6). Subsequent 1,3-dipolar cycloaddition using C60 was carried out on 1-(3-formylphenyl)PDI
29 derivative. The versatility of this original SMC reaction was demonstrated by replacing the phenyl
boronic acid substituted with the electron-withdrawing formyl group by the (4-diphenylamino)phenyl
electron-donating group. In 2019, J. K. Kallistsis and co-workers applied the same conditions to
functionalize the PDI with a protected phenoxy and a styryl moiety [67]. Those anchoring groups were
subsequently used to attach withdrawing quinoline derivatives through Heck coupling or nucleophilic
substitution after the alcohol deprotection.

 

Scheme 6. Suzuki–Miyaura coupling reactions from 1-nitroPDI 5. R = cyclohexyl (R1) or 2-ethylhexyl (R2).

Besides, over the last decade, PDI-based multimers have received as much attention as NFAs
in organic photovoltaics (OPV) owing to their three-dimensional structure preventing the formation
of aggregates and in this respect enhancing the performance of OSCs. In our group, we developed
conditions of multimerization through poly-SMC using an aromatic linker with multiple boronic acids
or esters and 1-nitroPDI or 1-bromoPDI as electrophilic partners [33]. The described methodology
employed Pd(PPh3)4 as the Pd(0) source with K2CO3 in a dioxane/water mixture under microwave
irradiations, affording various dimers, trimers and tetramers (Scheme 7 and Figure 2). In general,
the yields are comparable, starting from nitro 5 and bromo 3 PDI derivatives, and are notably good for
the phenylene (Ph) series (over 90% per coupling from 1-nitroPDI).

 

Scheme 7. PDI multimerization through SMC from 1-nitroPDI and 1-bromoPDI. R = 1-hexylheptyl.

However, when the multimerization conditions were applied to enriched N-annulated bromo-
or nitro-PDIs 34 and 35 in the presence of bis-boronate phenylene, significantly different reaction
behaviors were observed (Scheme 8). The reaction carried out with bromo derivative 34 was clean
and complete, whereas when applied to nitro-PDI 35, the product 36 was obtained in 24% yield with
40% of starting material 35 recovered. This result coupled with theoretical calculations suggests
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that the limiting step of the coupling, the oxidative addition, is favored with the bromo derivative.
Nevertheless, the electron-deficiency of the PDI core seems to promote this step, as no significant
difference was noticed between the two electrophilic derivatives 3 and 5 during the parent PDI
multimerization. In this respect, other Pd-catalyzed cross-couplings using nitro-PDI can be expected to
be soon developed for the preparation of unprecedented PDI-based materials.

 

Figure 2. Schematic structures of PDI-based multimers obtained through SMC from 1-nitroPDI 5

and 1-bromoPDI 3. Figure adapted with permission from reference 57. Copyright (2019) John Wiley
and Sons.

 

Scheme 8. N-annulated PDI multimerization through SMC from 1-nitroPDI and 1-bromoPDI. R =
1-hexylheptyl; R′ = octyl.
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4. Reduction of the Nitro Group and Functionalization of AminoPDI

Nitroarenes are classically used as key intermediates for the synthesis of aniline derivatives
obtained by reduction. Such a transformation of 1-nitroPDI into 1-aminoPDI can be performed
using different procedures, affording another interesting building block to design original materials
for applications in organic electronics. This transformation and subsequent developments will be
presented in this section.

4.1. Preparation 1-aminoPDI from 1-nitroPDI

Langhals and colleagues reported first the reduction of 1-nitroPDI 5 into 1-aminoPDI 37 using
iron powder and hydrochloric acid in either ethanol or THF in 81% yield, along with an hydrogenation
procedure catalyzed by Pd on carbon with triethylammonium formate as an hydrogen source
(Scheme 9) [38]. However, the reactant of choice to perform the reduction of the nitro group into
the corresponding amino group in PDI series remains tin (II) chloride dihydrate (SnCl2.2H2O) in the
refluxing of THF, affording the amine with yields of around 80% [30,31,41,42,44,45,47,68]. Alternatively,
reduction involving metallic Zn and acetic acid in THF led to 1-aminoPDI in 95% yield [42], whereas
metallic iron in the presence of HCl in THF gave the derivative in 70% yield [39]. Another common
protocol for reducing nitroarenes to arylamines is the catalytic hydrogenation on Pd/C using hydrazine
as an hydrogen source in DME at 80◦C, which quantitatively afforded 1-aminoPDI derivative 37 [69].
This method could also be adapted to the direct use of hydrogen gas in THF at room temperature,
but Q. Zhang and colleagues noted that N,N′-(dicylohexyl)1-aminoPDI had to be directly engaged in
the following steps without further purification, as instability in air was observed [70].

 
Scheme 9. Reduction of 1-nitroPDI 5.

1,6-and 1,7-dinitroPDIs could also be reduced into diaminoPDI using similar procedures. SnCl2
was used to transform 1,7-dinitroPDI into diamino derivative in 82% yield [27].

AminoPDI derivatives display a broad charge-transfer band in absorption accompanied by partial
or total quenching of their fluorescence and show strong solvatochromism. They are key intermediates
for the synthesis of alkyl-aminoPDI derivatives, metal complexes and the preparation of bay-extended
PDI architectures, providing sensors and NIR-emitters for examples.

4.2. Reactivity of 1-AminoPDI

The alkylation of the amino group was reported using NaH as a base followed by the addition of
alkyl iodide providing dialkylated aminoPDI 38a in an 85% yield (Scheme 10) [30]. Acylation of the
amino group was also carried out in only 33% yield using acetyl chloride and pyridine in THF [42],
or 2-pyridyl acyl chloride in the presence of Et3N to afford fluorescent and colorimetric sensors 39

and 40 for Cu2+ and F- ions—in which charge transfers do not occur. In the presence of F- anions,
deprotonation of the amide seems to take place, whereas in the presence of Cu2+, a dimeric complex is
formed. In both cases, this leads to a progressive extinction of the fluorescence and red-shift of the
absorption maximum [43].
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Scheme 10. Alkylation and acylation of aminoPDI. R1 = 1-ethylhexyl, R2 = cyclohexyl.

Treatment with bis(trichloromethyl) carbonate (BTC) in the presence of triethylamine in THF
followed by the reaction with allyl alcohol led to the formation of the fluorescent mono-carboxylated
amino intermediate (Scheme 11). The latter was further alkylated with allyl bromide to afford a
colorimetric and fluorescent sensor for Pd2+ detection in 46% yield [71]. In the presence of Pd0,
decarboxylation of compound 41 led to the formation of a non-fluorescent species, which also shows
its absorption maximum shifting toward longer wavelength.

 
Scheme 11. Preparation of a colorimetric and fluorescent Pd0 probe. R = 2-ethylhexyl.

Isocyanide derivative 42 also became a target of choice for its ability to form metal complexes, and
for being a precursor of carbene complexes. The synthesis of 1-isocyanidePDI required the formylation
of 1-aminoPDI 37 with formic acid in 95% yield followed by its dehydration using triphosgene and
triethylamine in CH2Cl2, leading to desired compound 42 in 57% yield (Scheme 12) [39]. Corresponding
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gold carbene complexes 43 were prepared by coordination of the isocyanide group with Au(I) precursors
in very mild conditions. Multi-nuclear architectures were also prepared and some of them were
processed as stable Langmuir–Blodgett films.

 

Scheme 12. Preparation of 1-isocyanidePDI 42 and its complexation with Au(I). R = 1-ethylpropyl.

Besides, a peculiar azoborine-annulated PDI architecture was reported by Q. Zhang and coll as a
highly selective fluoride anion sensor (Scheme 13). This first B-N annulation was performed in 81%
yield by reacting 1-aminoPDI with dichlorophenylborane in refluxing toluene and using triethylamine
as a base [70]. Compound 44 is an efficient F- sensor, showing extinction of its fluorescence and
red-shifted absorption maximum with increasing concentration of anion. This boron fused PDI was
also used as an emitter in OLED devices, emitting in the red region.

 
Scheme 13. B-N annulation between 1-aminoPDI 37 and dichlorophenylborane. R = cyclohexyl.

A combination of the Pictet–Spengler reaction and subsequent oxidative re-aromatization was
reported as a way to access azabenzannulated PDIs 45 and 46 and N-decorated coronene bisimides
derivatives (Scheme 14). Phenyl (42%) and 2-pyridyl (37%) groups were introduced by Z. Wang
and colleagues by reacting aminoPDI 37 with the corresponding aldehyde in the presence of triflic
acid (TfOH) in DMF at 110 ◦C [69]. This transformation was also performed by the group of F.
Würthner using trifluoroacetic acid (TFA) as the catalyst [72]. In this reaction, an iminium undergoes
an intramolecular electrophilic aromatic substitution and subsequent oxidative re-aromatization under
an oxygen atmosphere. These compounds are characterized by low LUMO levels, making them
good electron acceptors, and their absorption maximum being blue-shifted compared to regular PDI.
Interestingly, PDI-pyridyl based iridium and ruthenium complexes were prepared and characterized;
in particular, their phosphorescence in the near-infrared region [73,74].
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Scheme 14. Preparation of azabenzannulated PDI via a Pictet-Spengler approach. R =
2,6-diisopropylphenyl.

Recently, our group reported an alternative to the Pictet–Spengler reaction to access
azabenzannulated PDIs 47 (Scheme 15) [35]. This original reaction involves the formation of an imine
intermediate, its photocyclization by visible light followed by re-aromatization using DDQ. These three
steps can be performed in one pot process affording azabenzannulated PDI dyes, including dimers, in
higher yields than those reported before.

 
Scheme 15. Preparation of azabenzannulated PDI via an imine photocyclization. R = 1-hexylheptyl.

5. Conclusions

In this review, we have highlighted the synthetic use of 1-nitroPDI to modify the bay region of
the perylenediimide (PDI) backbone and engineer unlimited photoredox modifications for various
applications. Until now, PDI decorated with bromine atom in position 1 occupied a central role in
the molecular design of a core-substituted-PDI based light-harvester and electron acceptor because
of the versatility of the reactions involving aromatic halides. Nevertheless, as discussed in the
manuscript, many reaction types have been now successfully applied to nitroPDI, from nucleophilic
substitution, which could lead to an extension through annulation of the perylene core, to palladium
catalyzed cross-couplings (Suzuki–Miyaura). This makes the derivative as attractive as bromoPDI.
Besides, we have clearly demonstrated here the easier access to 1-nitroPDI (short reaction time,
quantitative yield, green and fast purification) due to the higher selectivity of the mononitration
compared to monobromination. Considering the two transformation steps, the synthetic methodology
involving the nitration of PDI appears more appealing and should be more considered by the community,
especially in regard to the possible industrialization.

Moreover, the classical reduction of the nitro group into amino can be easily applied. This group has
not been widely exploited so far and the recent efficient imine formation and its subsequent photocyclization
provides useful access to new azabenzannulated PDI based materials, promising candidates as
non-fullerene acceptors (NFAs) in organic photovoltaics (OPV).
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Abstract: Nitro group is one of the most important functional groups in organic syntheses because its
strongly electron-withdrawing ability activates the scaffold, facilitating the reaction with nucleophilic
reagents or the Diels–Alder reaction. In this review, recent progress in the nitro-promoted direct
functionalization of pyridones and quinolones is highlighted to complement previous reviews.

Keywords: nitro; pyridone; 1-methyl-2-quinolone; cycloaddition; direct functionalization

1. Introduction

Natural and synthetic aza-heterocycles represent an important class of organic compounds [1–5].
Among the large number of aza-heterocycles available, pyridones and quinolones, both of which
have a common six-membered aza-framework, exhibit a wide range of pharmacologically important
activities (Figure 1) [6–10]. Therefore, various methods for the preparation of structurally diverse
pyridones and quinolones have been studied in detail [6,11–21].
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Figure 1. Biological activities of pyridones and quinolones.

Conventional strategies for the synthesis of aza-heterocycles involve (1) construction of
aza-heterocycle frameworks from prefunctionalized starting materials, (2) ring transformation leading
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to aza-heterocycle frameworks, and (3) direct functionalization of aza-heterocycle frameworks, which
are supplementary to each other (Figure 2) [22].

 
Figure 2. Conventional strategies for the functionalization of aza-heterocycles.

Among these three protocols, direct functionalization of aza-heterocycles, for preparing new
diversely functionalized heterocycles, is the most efficient approach from a practical viewpoint, because
it requires only simple experimental manipulations. Accordingly, the development of easy and efficient
methods for the direct functionalization of quinolone and pyridone frameworks is highly demanded.
However, only a few such methods are currently available because these scaffolds are inert due to the
aromaticity (Figure 3) [22].

 
N O N O
R R

Resonance

N O N O
R R
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Figure 3. Resonance structure of pyridone framework.

To the best of our knowledge, the currently used methods for direct functionalization of the
quinolone and pyridone scaffolds are mainly focused on transition-metal-catalyzed cross-coupling and
C–H activation reactions [6,11–21]. However, most of these methods suffer from some limitations, such
as the use of potentially poisonous and expensive noble metals, along with harsh reaction conditions.

However, the nitro group, which is often described as a “synthetic chameleon [23],” serves as a
precursor for versatile functionalities, such as formyl, acyl, cyano, and amino groups (Scheme 1) [24–28].
Moreover, the nitro group has been proved to activate many different scaffolds because of its strong
electron-withdrawing ability, facilitating the reaction with nucleophilic reagents [29,30]. The nitro
group is also a good leaving group, which is often involved in addition–elimination reactions [31,32].
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Scheme 1. Properties of a nitro group.

Based on these significant properties of the nitro group, the synthetic utility of nitrated
aza-heterocycles in the preparation of functionalized aza-heterocycles has been widely investigated [33].
However, electrophilic nitration of pyridines and quinolines is difficult because of the electron deficiency
of the aromatic cores. On the contrary, it is possible to nitrate pyridones and quinolones because the
dearomatization of these scaffolds is easier than that of pyridines and quinolines. Indeed, the introduced
nitro groups activate the scaffolds to facilitate direct functionalization, which affords structurally
diverse aza-heterocycles. Herein, recent progress in the nitro-promoted direct functionalization of
pyridones and quinolones in the past couple decades is highlighted.

2. Cycloaddition of Nitropyridones

The nitro group is a strongly electron-withdrawing group that reduces the electron density on the
scaffold. Further, 2-pyridones possessing a nitro group are highly electron-deficient, and they serve as
dienophiles that undergo Diels–Alder (D–A) cycloaddition with electron-rich dienes, forming fused
aza-heterocycles [34].

When 5-nitro-2-pyridones 1 are reacted with 2,3-dimethyl-1,3-butadiene 2, quinolones 3 are
formed via regioselective D–A cycloaddition at the 5- and 6-positions and subsequent aromatization
accompanied by elimination of nitrous acid (Table 1). For 5-nitropyridone bearing a methoxycarbonyl
group at the 3-position, the D–A reaction occurs chemoselectively to yield the corresponding
3-functionalized quinolone 3c.

Table 1. D-A cycloaddition of 5-nitropyridones 1 with diene 2.

 
R1 R3 Yield/%

H H a 26
Me H b 30
Me COOMe c 22

It is known that 5-nitropyridones 4 possessing electron-withdrawing groups at the 3- and/or
4-positions have two electron-deficient sites on the ring. When these substrates are subjected to D–A
reactions with diene 2, the reaction proceeds stereoselectively to produce the functionalized cis-adducts
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5 and 6, accompanied by denitration (Table 2). Since the reaction is conducted under harsh conditions,
the denitration of either pyridone 4b or the cycloadducts 5′ and 6′ might occur (Scheme 2), however a
detailed explanation has not been reported in the literature [34].

Table 2. D-A reaction of 5-nitropyridones 4 accompanying elimination of the nitro group.

 
R3 Yield/%

5 6

H a 27 10
NO2 b 33 15
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Scheme 2. Two plausible pathways for cycloadducts 5 and 6 including denitration.

D–A cycloaddition of 1-unsubstituted 3-nitro-2-pyridones 7a with diene 2 yields the
cis-condensed tetrahydroisoquinolone 8a stereoselectively. For 1-methyl-3-nitro-2-pyridone 7b,
cis-tetrahydroisoquinolone 8b as well as aromatized isoquinolone 9b is formed via dehydrogenation
and release of a nitrous acid. The use of a substrate with 4-methoxycarbonyl substitution affords
cis-tetrahydroisoquinolone 8c as the sole product (Table 3).
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Table 3. Cycloaddition of 3-nitropyridones 7 with diene 2.

 
R1 R4 Yield/%

8 9

H H a 0 15
Me H b 20 22
Me COOMe c 36 0

The reaction of 1-unsubstituted 3,5-dinitropyridone 10a gives an aromatized isoquinolone 11a via
cycloaddition at the 3- and 4-positions, followed by dehydrogenation and elimination of nitrous acid; an
aromatized phenanthridone 12a is also obtained via double D–A adduct formation (Table 4). However,
the reaction of 1-methyl-3,5-dinitro-2-pyridone 10b furnishes not only 4-nitroisoquinolone 11b and
phenanthridone 12b, but also cis-tetrahydroisoquinolone 8b, via cycloaddition at the 3- and 4-positions
accompanied by heating-promoted elimination of the nitro group at the 5-position. D–A reactions of
3-nitro-2-pyridones 10c and 10d with 5-methoxycarbonyl substitution mainly yield the aromatized
isoquinolones 11c and 11d, respectively, in addition to the incompletely aromatized cis-phenanthridone
adducts 13c and 13d, respectively.

Table 4. Cycloaddition of 5-substituted 3-nitropyridones 10 with diene 2.

 
R1 R5 Yield/%

11 12 13

H NO2 a 13 15 0
Me NO2 b1 36 33 0
Me COOMe c 31 0 14
H COOMe d 13 0 5

1 8% of 8b is obtained.

3. Cycloaddition of Nitroquinolones

The D–A reactions at the nitroalkene moiety of 3-nitrated 1-methyl-2-quinolones 14 with
electron-rich dienes yield aromatized phenanthridone derivatives 15 (Table 5). Although this method
enables simultaneous C–C bond formation at the 3- and 4-positions of the quinolone framework, harsh
reaction conditions must be employed [35,36].

89



Molecules 2020, 25, 673

Table 5. Cycloaddition of 3-nitrated quinolones 14 with dienes 2.

 
R R1 R2 R3 Yield/%

H OMe H H a 83
NO2 OMe H H b 68

H H Me Me c 95
NO2 H Me Me d 64

H H OMe OMe e 45
NO2 H OMe OMe f 13

On the contrary, 1-methyl-3,6,8-trinitro-2-quinolone 16 undergoes cycloaddition with dienes
easily under mild conditions (Scheme 3). Indeed, the cycloaddition of 16 with cyclopentadiene
proceeds smoothly to furnish a tetracyclic compound 17 that aromatizes via elimination of a nitrous
acid in the presence of triethylamine to afford compound 18 [37]. Similarly, the cycloaddition
using α,β-unsaturated oxime, instead of cyclopentadiene, as a heterodiene affords the polycyclic
diazaphenanthrene 19 (Scheme 4) [38].

 

Scheme 3. Diels-Alder cycloaddition of trinitroquinolone 16 with cyclopentadiene.

 

Scheme 4. Cycloaddition of 16 with α,β-unsaturated oxime.

The high reactivity of trinitroquinolone 16 is due to the steric repulsion between the 1-methyl and
8-nitro groups, disturbing the coplanarity of the pyridone moiety and the benzene ring. Consequently,
the pyridone ring of 16 loses its aromaticity and serves as an activated nitroalkene (Figure 4) [39].
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Figure 4. ORTEP (30% probability ellipsoids) view of trinitroquinolone 16.

A nitroalkene shows dual behavior in cycloaddition reactions (Figure 5). In reaction with a diene,
the nitroalkene serves as a dienophile to form a cyclohexene ring. On the other hand, it serves as a
heterodiene in reaction with an electron-rich alkene to construct an oxazine ring. The nitroalkene
moiety of trinitroquinolone 16 also serves as a heterodiene in the reaction with ethoxyethene to
construct a fused oxazine ring 20 (Scheme 5) [38], which yields an acetal 21 via ring-opening reaction
upon treatment with alcohol under reflux conditions.

 

Figure 5. Dual behaviors of a nitroalkene in the cycloaddition reaction.

 

Scheme 5. Cycloaddition of 16 with ethoxyethane.

Interestingly, a quinolino[3, 4-b][1,9]diazaphenanthrene derivative 22 is formed when the same
reaction is conducted in the presence of triethylamine (Scheme 5) [38]. A plausible mechanism is
shown in Scheme 6. After forming the cyclic nitronate 20, triethylamine assists the proton transfer
from the 4-position to the anionic oxygen of the nitronate. The subsequent retro D–A reaction gives the
α,β-unsaturated oxime A, accompanied by a loss of ethyl formate. Oxime A serves as an electron-rich
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heterodiene that undergoes cycloaddition with another molecule of 16 to afford a new pyridine ring,
and subsequent aromatization and elimination of nitrous acid and water furnishes the polycyclic
product 22. In this reaction, two molecules of trinitroquinolone 16 undergo two kinds of cycloaddition
reactions: one molecule serves as a heterodiene and the other serves as a dienophile. This is the first
example of a nitroalkene that exhibits dual behavior in the same reaction mixture (Figure 5).

 

Scheme 6. A plausible mechanism for the formation of product 22.

4. Nitro-Promoted Cyclization of Pyridones via Nucleophilic Addition

The strongly electron-withdrawing ability of the nitro group activates the scaffold for nucleophilic
attack at the vicinal position on the nitroalkene. The nitroalkene moiety of nitropyridones is also
susceptible to nucleophilic reaction. Indeed, 1-substituted nitropyridones 23 and 24 react with
ethyl isocyanoacetate in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) to afford the
pyrrolopyridine derivatives 25 and 26, respectively (Scheme 7) [40]. In the latter case, nucleophilic
attack of isocyanoacetate occurs regioselectively at the 6-position.

 

Scheme 7. Cyclization of nitropyridones 23 and 24.
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The reaction is initiated by the nucleophilic addition of isocyanoacetate to nitropyridone under
basic conditions to produce an anionic intermediate stabilized by the nitro group (Scheme 8). Then,
the nucleophilic attack of the nitronate to the protonated isocyano group affords dihydro-2H-pyrrole,
from which a pyrrole ring is produced via aromatization by elimination of nitrous acid.

 
Scheme 8. A plausible mechanism for cyclization of nitropyridone 23 with isocyanoacetate.

5. Nitro-Promoted Direct Functionalization of Quinolones

5.1. Direct C–C Bond Formation at the 4-Position via Cine-Substitution

To the best of our knowledge, the currently used methods for direct C–C bond formation
in 1-methyl-2-quinolone (MeQone) framework are mainly limited to transition-metal-catalyzed
cross-coupling or C–H activation reactions [11–16]. As an alternative, the introduction of a nitro group
has proved helpful in facilitating direct functionalization of the MeQone framework, affording diversely
functionalized MeQones. Indeed, cine-substitution of trinitroquinolone 16 with various nucleophiles
can easily proceed to afford 4-functionalized 6,8-dinitro-1-methyl-2-quinolones (4FDNQ) [22]. Initially,
the nucleophilic substitution proceeds at the 4-position of 16 to form an adduct intermediate; then,
a proton is transferred from the basic group to the 3-position of the adduct intermediate, affording
3,4-dihydroquinolone. The subsequent elimination of nitrous acid, accompanied by aromatization,
yields 4FDNQ (Scheme 9). This reaction enables regioselective functionalization at the 4-position of
the MeQone framework. Direct C–C bond formation at the 4-position of the MeQone framework is
easily achieved upon treatment of 16 with carbon nucleophiles, including 1,3-dicarbonyl compounds,
nitroalkanes, aldehydes/ketones, enamines, cyanides, and phenoxides, leading to the formation of
versatile skeletons.
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Scheme 9. cine-Substitution of trinitroquinolone 16.

5.1.1. cine-Substitution of Trinitroquinolone with 1,3-dicarbonyl Compounds

When trinitroquinolone 16 is reacted with 1,3-dicarbonyl compounds in the presence of
triethylamine, 4-position functionalization is efficiently achieved via cine-substitution (Table 6) [41].
Diketones, keto esters, and diesters can be used as nucleophiles in this reaction to afford the
corresponding products 27a–e.

Table 6. cine-Substitution of 16 with 1,3-dicarbonyl compounds.

 
R1 R2 Yield/%

Me Me a 88
-(CH2)3- b 68

Me OEt c 93
CH2COOEt OEt d 26

OEt OEt e 93

When the nitro group at the 8-position is removed, no reaction occurs, even under heating. On the
other hand, cine-substitution proceeds smoothly even upon replacement of the electron-withdrawing
nitro group of 16 with an electron-donating methyl group (Table 7). These results indicate that the steric
repulsion of this substituent with the 1-methyl group activates the MeQone framework, as mentioned
in Section 3 [42].
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Table 7. Effect of the substituent at the 8-position for the cine-substitution.

 
R Yield/%

NO2 88
H 0 1

Me 92

1 At 80 ◦C.

5.1.2. cine-Substitution of Trinitroquinolone with Nitroalkanes

Nitroalkylation of trinitroquinolone 16 is also achieved by using a nitroalkane as a carbon
nucleophile in the presence of triethylamine (Table 8) [43]. While primary nitroalkanes undergo
cine-substitution efficiently at room temperature, secondary nitroalkanes with steric hindrance are less
reactive, requiring longer reaction times and affording relatively low yields.

Table 8. cine-Substitution of 16 with nitroalkanes.

 
R1 R2 Yield/%

Me H 80
Et H 98
Me Me 77 1

1 For 1 d.

5.1.3. cine-Substitution of Trinitroquinolone with Aldehyde, Ketones and Enamines

Besides aldehydes, functionalized ketones, such as aliphatic, alicyclic, aromatic, and heteroaromatic
ketones work well as carbon nucleophiles in the cine-substitution of trinitroquinolone 16, giving
acylmethylated products (Table 9) [44]. Since the acylmethyl group can serve as a scaffold for further
chemical transformations, this method can be useful for the construction of a new library of compounds
with MeQone framework.
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Table 9. cine-Substitution of 16 with ketones.

 
R1 R2 R3 Yield/%

H Me Me 41
Me H H 83
Ph H H 83
Et Me H 18

-(CH2)4- H 82
Ph Me H 77
Ph Ph H 69

2-furyl H H 45
2-pyridyl H H 74

More-reactive enamines can also be used as nucleophiles instead of ketones, which undergo
cine-substitution in the presence of water at room temperature. After the addition of enamine to
trinitroquinolone 16, hydrolysis of the formed iminium ion forms an acylmethyl group. In this case,
the product is obtained as a morpholinium salt 30 (Table 10) [44].

Table 10. cine-Substitution of 16 with enamines.

 
R1 R2 R3 Yield/%

H Me Me 98
-(CH2)4- H 40

Ph Me H 43
Ph Ph H 98

5.1.4. cine-Substitution of Trinitroquinolone with Phenoxides

A combination of electrophilic trinitroquinolone 16 and nucleophilic phenoxide ions results in
direct arylation of the MeQone framework (Figure 6) [45]. When 16 is treated with potassium
phenoxides possessing electron-donating groups, double cine-substitution proceeds to afford
bis(quinolyl)phenols 31 and 32. On the other hand, sterically hindered or electron-deficient phenoxides
give monoquinolylphenols 33 and 34 as the only products. Since direct introduction of an aryl group
into the MeQone framework is difficult, this method is considered one of the more useful modifications.

From another viewpoint, trinitroquinolone is an aromatic compound. Hence, this reaction can be
regarded as an electrophilic arylation, which is not achieved in the usual Friedel–Crafts reaction. This
transformation is initiated by the nucleophilic addition of phenoxide at the 4-position of 16 (Scheme 10).
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The newly introduced benzene ring is aromatized with the assistance of another phenoxide. In
addition, proton transfer from the 4-position to an adjacent position of the quinolone ring occurs to
afford the dianionic intermediate B. Since B is a highly electron-rich species, it immediately attacks
another molecule of 16 to afford bis(quinolyl)phenols 31 (path a). On the other hand, protonation of B

followed by elimination of nitrous acid is the preferred route to furnish monoquinolylphenol when
electron-deficient or bulky phenoxides are used (path b).

 

Figure 6. cine-Substituted products from 16 and potassium phenoxides.

 

Scheme 10. A plausible mechanism for the reaction of 16 with phenoxide.

5.1.5. cine-Substitution of Trinitroquinolone with Cyanides

Nitriles represent an important structural motif in medicinal chemistry because of their versatile
biological activities [46]. In addition, they have been recognized as extremely useful intermediates for
the preparation of other useful building blocks [47–49]. Therefore, considerable research effort has
been dedicated to the development of methods for introducing cyano groups into organic molecules.
Inspired by the above methods for direct C–C bond formation on the MeQone framework, researchers
have used potassium cyanide as a carbon nucleophile for reacting with trinitroquinolone 16 to prepare
4-cyano-2-quinolone derivative 35 (Scheme 11) [42]. In this reaction, dimeric product 36 is also
obtained. After the addition of a cyanide to 16, the anionic intermediate C is formed, which is a
common intermediate for both products 35 and 36. When C is protonated, followed by the elimination
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of nitrous acid, 35 is obtained (path a). The dimeric product 36 is a result of the addition of C to another
molecule of 16 (path b).

 

Scheme 11. cine-Substitution of 16 with potassium cyanide.

The use of trimethylsilyl cyanide/cesium fluoride instead of potassium cyanide is effective
in avoiding undesired dimerization due to the steric hindrance of the O-silylated intermediate D,
affording cyanoquinolone 35 as the sole product without any detectable dimer 36 (Scheme 12). While
conventional strategies for cyanation of the MeQone framework often involve multistep reactions or
harsh conditions, the present method makes the cyanation possible under mild reaction conditions
with simple experimental manipulations. Thus, this protocol can be used as a powerful tool for
constructing a library of versatile MeQone derivatives by further chemical conversion of the cyano
and nitro functionalities.

 

Scheme 12. cine-Substitution of 16 with trimethylsilyl cyanide.

The introduction of a methyl group instead of a nitro group at the 8-position also activates the
MeQone framework. Nitrated 1,8-dimethyl-2-quinolones 37 react with potassium cyanide to afford
the corresponding 4-cyano MeQones (Table 11).
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Table 11. cine-Substitution of nitrated 1,8-dimethyl-2-quinolones with trimethylsilyl cyanide.

 
R5 R6 R7 Yield/%

NO2 H NO2 a 83
NO2 H H b 47

H NO2 H c quant.

5.1.6. Reaction of Trinitroquinolone with Tertiary Amines

As mentioned in the previous section, the cyanide ion plays two roles: it serves as a nucleophile and
it stabilizes anionic intermediate because of its electron-withdrawing nature. Thus, the dimerization of
MeQones is also observed. Conversely, introduction of a hetero atom at the 4-position generates a
stable anionic intermediate, which undergoes efficient dimerization. The treatment of trinitroquinolone
16 with a tertiary amine causes the dimerization [50]. Interestingly, more than two long alkyl chains
possessing β-hydrogens are essential for undergoing this reaction (Table 12).

Table 12. Reactions of 16 with tertiary amines.

 
R1 R2 R3 Yield/%

Me Me Me 0
Et Et Et 34
Pr Pr Pr 76
Bu Bu Bu 93
Bu Bu Me 79
Bu Me Me 18

PhCH2 PhCH2 PhCH2 0

This reaction is initiated by the nucleophilic addition of tributylamine to trinitroquinolone 16 to
produce the zwitterion E. The β-elimination of 1-butene is followed by proton transfer of F to produce
the zwitterion G, which reacts with another molecule of 16 to afford dimer 39 (Scheme 13).
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Scheme 13. A plausible mechanism for dimerization of 16.

5.2. Direct C–N Bond Formation at the 4-Position

5.2.1. cine-Substitution of Trinitroquinolone with Primary Amines

A different reactivity is observed when primary amines, instead of tertiary amines, are used
as the nucleophiles to react with trinitroquinolone 16. The regioselective C–N bond formation
occurs at the 4-position to afford the Meisenheimer complex 40 (Table 13) [51]. When 40 is heated,
cine-substituted products 41a and 41b are obtained; however, no cine-substitution is observed for bulky
amino substituted derivatives 40c and 40d, accompanied by the recovery of considerable amounts
of 16. Upon heating, 40 is converted to dihydroquinolone H, from which nitrous acid is eliminated
to afford the cine-substituted products 41 (Scheme 14, path a). However, the elimination of amine
proceeds competitively to give the trinitroquinolone 16 (path b), which lowers the yield of 41.

Table 13. cine-Substitution of 16 with primary amines.

 
R Yield/%

40 41

Pr a 71 36
i-Bu b 74 29
s-Bu c 56 0
t-Bu d 74 0
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Scheme 14. Two reaction paths leading to 41 and 16.

5.2.2. Amino-Halogenation and Imido-Halogenation of Quinolones

The reaction of trinitroquinolone 16 with excess propylamine in acetonitrile affords the
Meisenheimer complex 40a, which can be used for further functionalization of the MeQone framework
upon treatment with electrophiles. When the ammonium salt 40a is treated with N-chlorosuccinimide
(NCS), three kinds of functionalized quinolone are obtained; the amino-chlorinated product 42, the
aziridine-fused quinolone 43, and the imido-chlorinated product 44 (Scheme 15) [52].

 

Scheme 15. Reaction of Meisenheimer complex 40a with NCS.

A plausible mechanism for these reactions is illustrated in Scheme 16. Chlorination of the
Meisenheimer complex 40a affords dihydroquinolone I, which is the common intermediate for 42a

and 43a. The amino-chlorinated product 42a is formed by elimination of nitrous acid induced by a
base, such as imide anion and amine. When the amino group attacks the vicinal position to substitute
chloride, an N-propylaziridine ring is formed to give product 43a. On the other hand, when the
eliminated imide anion reacts with trinitroquinolone 16 and NCS, the imido-chlorinated product
44 is formed, which is also formed when 16 is reacted with sodium imide in the presence of NCS
(Scheme 17).
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Scheme 16. A plausible mechanism for the formation of 42a and 43a.

 

Scheme 17. Synthesis of imido-chlorinated product 44 and the hydrazinolysis.

The amino-halogenation of trinitroquinolone 16 can be conducted in a one-pot two-step manner,
in which the selectivity of 42 is increased by using an excess amount of amine (Table 14). The aliphatic
and aromatic primary amines undergo the reaction to afford the corresponding amino-chlorinated
products 42a–k in moderate yields. However, less nucleophilic p-nitroaniline shows no change.
While the acyclic secondary amine, diethylamine, does not furnish 42m, the cyclic secondary amine,
morpholine, yields the corresponding amino-chlorinated product 42n. Ammonia is difficult to handle
in this protocol. Instead, the imido group is considered a masked form of an amino group. Indeed,
the imido-chlorinated product 44 can be transformed to the amino-chlorinated quinolone 42b by
hydrazinolysis (Scheme 17).
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Table 14. One-pot amino-chlorination of trinitroquinolone 16.

 
R1 R2 Yield/%

Pr H a 62
i-Bu H c 70
s-Bu H d 49

PhCH2 H e 54
HOCH2CH2 H f 56

CH2=CHCH2 H g 35
Ph H h 54

4-MeOC6H4 H i 37
4-BuC6H4 H j 41
4-IC6H4 H k 62

4-NO2C6H4 H l trace
Et Et m 0

-(CH2)2-O-(CH2)2- n 62

When NBS is employed as a halogenating reagent, a small amount of the amino-nitrated product
46 is formed in addition to the amino-brominated product 45, presumably due to the higher leaving
ability of bromide than that of chloride (Table 15). Indeed, only amino-nitrated product 46 is obtained
without any detectable formation of the iodo-aminated product in the reaction with NIS.

Table 15. Scanning of halogenating agents.

 
X Yield/%

45 46

Cl 62 0
Br 63 16
I 0 62

5.2.3. Aziridination of Quinolones

The screening of various 3-nitrated MeQones reveals the tendency of the selectivity between
amino-halogenation and aziridination (Table 16). When the electron density of the benzene ring is low,
amino-chlorination occurs predominantly to afford 48a–c. On the other hand, for increased electron
density, intramolecular substitution exclusively occurs to form an aziridine ring, leading to 49d–g.
This tendency is considered to depend on the acidity of the proton at the 4-position in the intermediate
J. When the acidity of H4 increases due to the electron-withdrawing group, elimination of a nitrous
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acid occurs easily via E2 reaction to give the amino-halogenated product 48. In contrast, when the
acidity of H4 becomes lower, an intramolecular SN2 reaction proceeds to afford the aziridine 49.

Table 16. Amino-chlorination and aziridination of various 3-nitrated MeQones.

 
R1 R6 R7 R8 Yield/%

48 49

Me NO2 H NO2 a 62 0
Me NO2 H Me b 13 21
Me NO2 H H c 13 49
Me Br H H d trace 68
Me H H H e 0 65
Me H H H f 0 71
H H H H g 0 61

1,8-Dimethyl-3,5-dinitro-2-quinolone 50 exhibits a reactivity different from those of the other
nitroquinolones 47. When 50 is subjected to the reaction under the same conditions, cine-substitution
takes place, rather than amino-chlorination and aziridination, affording compound 51 quantitatively
(Scheme 18). In this reaction, the addition of a propylamine affords the Meisenheimer complex K.
However, the steric repulsion with the peri-substituent increases the steric hindrance around the
3-position, thus preventing the attack to NCS. Instead, proton transfer from the 4-position followed by
elimination of the nitrite ion affords the cine-substituted product 51.

 

Scheme 18. Different reactivity of 3,5-dinitro-2-quinolone 50 for the amino-chlorination.

Aziridine-fused quinolone 49f undergoes a ring-opening reaction followed by rearomatization
upon treatment with acid, such as toluenesulfonic acid, hydrochloric acid, and trifluoroborane, to
furnish the amino-nitrated MeQone (Scheme 19).

 

Scheme 19. Aziridine ring opening leading to vicinally functionalized quinolone.
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5.3. Direct C–O Bond Formation at the 4-Position

When trinitroquinolone 16 is treated with a sodium alkoxide at room temperature, nucleophilic
addition at the 4-position affords an alkoxylated salt 52 [53], which can be isolated because of
stabilization by the adjacent nitro and carbonyl groups. After removal of alcohol, treatment of
the adduct 52 with NCS in acetonitrile affords the 4-alkoxy-3-chloro-2-quinolone derivatives 53 in
moderate-to-high yields (Table 17). This protocol can be performed in a one-pot manner with simple
experimental manipulations.

Table 17. Alkoxy-chlorination of 16 leading to 53.

 
R R6 R8 Yield/%

52 53

Me NO2 NO2 a 81 85
Et NO2 NO2 b quant. 73

i-Bu NO2 NO2 c - 46
i-Pr NO2 NO2 d - 45

PhCH2CH2 NO2 NO2 e - 55
CH2=CHCH2 NO2 NO2 f - 51

HC≡CCH2 NO2 NO2 g - 29
Me NO2 Me h - 78
Me NO2 H i - 73
Me H H j - 65

The reaction proceeds via a similar mechanism, as shown in Scheme 16, for the amino-chlorination
(Scheme 20). Chlorination of the alkoxylated salt 52 with NCS affords the dihydroquinolone
intermediate L, from which nitrous acid is eliminated to form a bis(functionalized) product 53.

 

Scheme 20. A plausible mechanism for alkoxy-chlorination of MeQones.

When NBS is used as the halogenating reagent, 4-methoxylated trinitroquinolone 54 is obtained
in addition to the methoxy-brominated product 53 (Table 18). In the reaction using NIS, product 54 is
furnished without any detectable formation of 53. The different reactivity is due to the higher leaving
abilities of bromide and iodide than that of chloride.
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Table 18. Scanning of halogenating agents.

 
X Yield/%

53 54

Cl 85 0
Br 62 27
I 0 29

3,5-Dinitro-2-quinolone 50 exhibits a reactivity similar to that observed in amino-chlorination to
afford the cine-substituted product 55 (Scheme 21). Although the addition of methoxide to 50 occurs
at the 4-position, it cannot react with NCS at all because of steric repulsion between the 4-methoxy
and 5-nitro groups. Instead, proton transfer followed by elimination of nitrite anion affords the
cine-substituted product 55.

 

Scheme 21. cine-Substitution of 3,5-dinitro-2-quinolone 50 by sodium methoxide.

6. Conclusions

In this review, recent progress in the nitro-promoted direct functionalization of pyridones and
quinolones was summarized. A variety of functionalities can be easily introduced into pyridone
and quinolone frameworks via activation of the nitro group, facilitating the preparation of newly
functionalized derivatives. These methods can promote the construction of a library of pyridones and
quinolones with potentially interesting and valuable bioactivities. It is expected that more intensive
research in this exciting field will establish the nitro-promoted direct functionalization of heterocycles
as a powerful and broadly applicable synthetic strategy in organic synthesis.
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