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Nitrogen constitutes one of the most crucial elements in synthetic compounds, both in
organic and in coordination chemistry. After all, urea is considered to be the first synthetic
organic compound (it was first prepared in 1828 by Friedrich Wöhler from a mixture of the
inorganic compounds silver cyanate (AgOCN) and ammonium chloride (NH4Cl)).

From a medicinal chemistry viewpoint, nitrogen is a very common element in every
major class of active pharmaceutical ingredients existing in heterocyclic and in acyclic
molecules. Functional groups like amines, imines, nitriles, amides, and carbamates dom-
inate the libraries of bioactive compounds, whereas the total number of unique drugs
containing at least one nitrogen heterocycle among FDA-approved pharmaceuticals is
910 (84% among 1035 unique small-molecule drugs). The top five most frequent nitrogen
heterocycles in this list are piperidine, pyridine, piperazine, β-lactam, and pyrrolidine [1,2].

Until today, the combined use of synthetic organic chemistry and coordination chem-
istry has generated a number of new and effective synthetic methods of high-yield product
formation for important classes of coordination compounds of several nitrogen-containing
ligands with numerous metal ions, giving rise to novel materials with exceptional physico-
chemical, biological, medicinal, catalytic, and optical properties.

The aim of this Special Issue in the Molbank journal was, in principle, to collect
original research articles related to one or more of the following: design and synthesis;
structural characterization by means of NMR; X-ray crystallography; or other preliminary
but significant results including, but not limited to, biological evaluation, theoretical
calculations, molecular mechanics, and computational studies, material or physicochemical
properties of nitrogen-containing molecules, and coordination compounds of nitrogen-
containing molecules.

It was launched in August 2019 and, after two deadline extensions, was closed for new
submissions in August 2021. Until this deadline, 16 exceptional contributions were made by
authors from all over the world. Most of the contributions were made from authors based
in Europe (12), with America (2) and Asia (2) following. Of note, is the broad geographic
distribution of published articles, based upon the countries of the corresponding authors.
Four of the published articles had authorship from Greece, two from Cyprus, two from
the USA, and one from Russia, Japan, France, Saudi Arabia, Portugal, UK, and Spain. The
majority (13) of the published content was in the field of synthetic chemistry, including
synthetic methodologies and studies on chemical reactions and reactivity, while two papers
dealt with coordination chemistry and one with structural elucidation. In particular,
contributions related to organic synthesis may be divided in the subfields of aromatic
reactivity (2), reactivity of heterocycles (2), synthesis of heterocycles (6), and detailed
routine synthesis of very important compounds (3). Two of these papers included biological
evaluation experiments.

The first two contributions were made from Kalogirou and Koutentis from Cyprus, in
the field of aromatic reactivity. Kalogirou and Koutentis contributed with two communi-
cations on the reactivity of chlorinated pyrimidines. In their first paper, they focused on
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the displacement of carbon-2 or carbon-6 of polychlorinated pyrimidines using DABCO
reagent (1,4-diazabicyclo[2.2.2]octane) with yields up to 52% [3]. The second publication
demonstrates the synthesis of 2-cyanopyrimidines from the corresponding 2-thiomethyl
pyrimidines starting from the 4,6-dichloro functionalized analogues. The synthetic route
involves the “activation” of carbon-2 by displacing one or both chlorides with electron-
donating methoxy groups [4].

Chronologically, the first article on reactivity of heterocycles was made by Fedorowicz
and co-workers. The authors reported the synthesis of a bis-quinoline carboxylic acid
derived from the corresponding isoxazolo-quinoline and dimethyl acetylenedicarboxylate
(DMAD) under mild alkaline conditions. DFT calculations revealed that the product was
more favorable than the double Michael addition isoxazolone product, which according to
the proposed by the authors’ mechanism, is formed as an intermediate [5].

In the second paper on this topic, the ring opening reaction of a bicyclic vinyl aziri-
dine by an appropriate tetrazole-thiol was demonstrated by Fortunato et al. towards the
synthesis of a novel tetrazole bearing cyclopentenol. The reaction occurred under mild
conditions (37 ◦C, water) and according to authors’ claims, in a regio- and stereospecific
manner. The product can be readily further functionalized via its primary and secondary
hydroxyl groups [6].

Arranged in order of publication date, the first contribution on the field of the synthe-
sis of heterocyclic compounds or the cyclization towards to heterocyclic ring formation,
was one of the two papers published by our group. In this study, a 4-ethoxycarbonylphenyl
functionalized 2-pyrazoline was prepared, via the cyclization reaction between the corre-
sponding bis(arylidene)acetone and ethyl hydrazinobenzoate in high yield and purity as
evidenced by HPLC experiments. The compound was designed as an agent that would be
active against resistant cancerous, since similar pyrazolines or pyrazole analogues have
been reported in the literature or recent patents for this purpose [7,8]. However, though
DNA thermal denaturation and DNA viscosity tests revealed that the compounds act as
DNA intercalators, no activity against doxorubicin-resistant breast cancer or synergistic
activity could be detected [9].

Konstantinova et al. reported the formation of a novel fused oxazinoxazine from ethyl
2-(hydroxyamino)propanoate and 2-aminophenol treated with S2Cl2. The structure of the
product was also determined by X-ray crystallographic analysis. It is worth mentioning
that this compound was obtained unexpectedly, instead of a dithiazole derivative and that
following the same procedure using ethyl 2-oxopropanoate, the reaction did not occur [10].

Starting from β-ketoester derivative and 2-aminopyridine, Tenti and co-workers
prepared a novel functionalized imidazo[1,2-a]pyridine-2(3H)-one in two steps. The first
step involved the formation of a β-ketoamide, which was isolated and characterized.
Next, its bromination in dichloromethane, following a cyclization by intramolecular SN2
displacement of the intermediate, afforded the final nitrogen heterocycle. NMR experiments
revealed that the enol isomer is predominant rather than the β-dicarbonyl analogue [11].

The synthesis of a spiro carbocyclic hydantoin with potential pharmacological interest
was investigated by Pardali and co-workers in their contribution as a short note paper.
The target molecule was obtained in three steps starting from 4-phenyl cyclohexanone.
DFT calculations were performed in order to determine and study the most favorable
structures [12].

The synthesis of a novel oxazolocoumarin incorporating an amine group was prepared
by Vlachou et al. in three steps starting from 6-hydroxycoumarin. The first step involved
the nitration of the starting material with cerium ammonium nitrate (CAN) resulting to the
formation of three isolable compounds. The main product, 6-hydroxy-5,7-dinitrocoumarin,
was cyclized with p-tolylmethanol via an Au/TiO2 catalyzed reaction and subsequent
reduction of the nitro group. The target compound was evaluated as possible antioxidant
agent and inhibitor of soybean lipoxygenase with no or low activity [13].

The communication submitted by Ubeid et al. deals with the synthesis of a ben-
zaldehyde compound derived from 2-mercaptobenzimidazole and its thiosemicarbazone
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analogue. The latter, which is a novel compound, was fully characterized and obtained in
high purity and high yield (75%). However, the highlight of this study was the report of
an improved method for the synthesis of the intermediate benzimidazole–benzaldehyde
conjugate. According to the literature, this compound and similar compounds have
been synthesized with the use of copper(I) iodide or irradiation and long reaction times
(>12 h) [14,15], whereas the reported procedure involves the addition of K2CO3 for 1 h
under reflux with a near to quantitative yield [16].

The following three papers involve the routine synthesis of one or more compounds
of remarkable interest. All compounds were fully characterized and their synthetic pro-
tocols were described in detail. Asquith and Tizzard demonstrated the preparation and
characterization of a 4-anilinoquinoline derivative, incorporating a difluoromethyl group,
with potential biological properties. The target molecule was synthesized by routine
synthesis from the corresponding 4-chloroquinoline and 3-(difluoromethyl)aniline. The
crystallographic analysis of its hydrochloric acid is reported as well [17].

Husson and Guyard presented the synthesis of the novel 4′-(5-N-propylthiophen-
2-yl)-2,2′:6′,2”-terpyridine, with potential application as a ligand for the preparation of
metal complexes. The compound was obtained by the reaction between 2-acetylpyridine
and 5-N-propylthiophene-2-carboxaldehyde, in high purity (>98%), as determined by
quantitative NMR [18].

Banks et al. reported the synthesis of ten polar aromatic compounds bearing an
alkynyl imine or amide. The products were obtained from inexpensive and commercially
available starting materials in good yields under mild reaction conditions. The study is sup-
plemented with a three-step synthetic protocol for the preparation of a catechol containing
an alkynyl amine. This route proceeded via the protected catechol as acetonide [19].

Because there are no structurally characterized metal complexes of Schiff bases derived
from gamma-amino acids, our research group was motivated to develop a novel Cu(II)
complex based on a new Schiff base obtained by the condensation of ortho-vanillin with
gamma-aminobutyric acid. The novel compounds were prepared in good yields and purity
and were chemically, spectroscopically and structurally characterized through elemental
analysis, HR-ESI-MS, FT-IR, UV-Vis, NMR, and single crystal X-ray diffraction. The crystal
structure of the produced Cu(II) complex reflects an one-dimensional polymeric compound.
The Cu(II) ion is bound to two singly deprotonated Schiff base bridging ligands forming a
Cu(II)N2O4 chelation environment, and a coordination sphere with a disordered octahedral
geometry [20].

Takase et al. focused their interest on the development of transition metal complexes,
particularly those in groups 7 and 8, bearing non-innocent azopyridyl ligands including
2,2′-azopyridine (apy) and 2-phenylazopyridine (pap), that find application as multifunc-
tional materials with impressive magnetic properties. They reported a newly synthesized
diradical neutral dicarbonylruthenium(II) complex, bearing two azopyridyl ligands co-
ordinated as anion radicals, by introducing in its structure two CO molecules as ligand
and reducing agents. Further magnetic studies on the complex revealed paramagnetic and
antiferromagnetic interactions between the spins in each radical [21].

Aitken et al. reported the successful crystallization and determination of the X-ray
structure of homopiperazine, a well-known heterocyclic compound with remarkable prop-
erties as a component of liquids for CO2 capture and as a component of various organic and
organic/inorganic supramolecular ionic salts and transition metal complexes. The X-ray
studies revealed the pseudo-chair conformation of the molecule, with each NH acting both
as a hydrogen-bonding donor and acceptor, leading to the formation of a complex network
structure. Further NMR analysis facilitated the determination of the three one-bond CH
coupling constants and the 15N chemical shift [22].

This Special Issue on “Nitrogen-Containing Molecules: Natural and Synthetic Prod-
ucts Including Coordination Compounds” was launched two years ago with enthusiasm
from two early-career researchers, based in the National Centre for Scientific Research
“Demokritos”, in Athens, Greece, with different backgrounds and expertise; organic and
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medicinal chemistry (Dr. Dimitris Matiadis) and inorganic and bioinorganic chemistry
(Dr. Eleftherios Halevas). We are thrilled that the Special Issue has exceeded all our ex-
pectations with the submission and publication of many exceptional contributions from
scientists on the highest level from all over the world. We would like to express our sincere
gratitude to all authors who contributed and chose our Special Issue to publish their work.
We also wish to thank all the reviewers for the evaluation of the submitted articles and
the Editorial Office of Molbank, especially Mrs. Jade Lu, for the fast and professional
handling of the manuscripts and for addressing any issue that arose in these two years.
The success of this Special Issue shows the ongoing importance of this topic in chemistry
and encourages us to consider editing other Special Issues in this area in the near future.

Author Contributions: Writing—original draft preparation, D.M. and E.H.; writing—review and
editing, D.M. and E.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The reaction of 2,4,5,6-tetrachloropyrimidine (4) and 4,5,6-trichloropyrimidine-2-
carbonitrile (1) with DABCO (1 equiv.), in MeCN, at ca. 20 ◦C gives 2,4,5-trichloro-6-[4-(2-chloroethyl)
piperazin-1-yl]pyrimidine (5) and 4,5-dichloro-6-[4-(2-chloroethyl)piperazin-1-yl]pyrimidine-2-
carbonitrile (6) in 42% and 52% yields, respectively. The new compounds were fully characterized.

Keywords: heterocycle; piperazine; pyrimidine; DABCO

1. Introduction

Piperazines and pyrimidines are useful nitrogen heterocycles owing to their use in pharmaceuticals.
Among nitrogen heterocycles, these two rank as third and tenth in the most frequently used in U.S. FDA
approved drugs [1]. Examples of piperazine-containing drugs include the antihypertensive prazosin
and the antibiotic ciprofloxacin, while examples of pyrimidine drugs are fluorouracil (anticancer) and
trimethoprim (antibacterial) (Figure 1).

 
Figure 1. Piperazine- and pyrimidine-containing drugs.

Piperazines are often used as linkers in medicinal chemistry as well as to improve physicochemical
properties of drug molecules such as water solubility and pharmacokinetic properties [2].
Unsymmetrical N-substituted piperazines and, in particular, those containing the N-ethylpiperazine
moiety are useful pharmacophores but are often tricky to prepare [1–3]. One strategy to access
these compounds is starting from the familiar tertiary amine 1,4-diazabicyclo[2.2.2]octane (DABCO).
DABCO acts as a nucleophile in a variety of displacement reactions and often leads to the formation
of quaternary ammonium salts that, in the presence of other nucleophiles, can ring open forming
substituted N-ethylpiperazines [2–5].

Of particular interest are N-(2-chloroethyl)piperazines as these can be further functionalized via
the 2-chloroethyl group. Surprisingly few reports of such compounds are found in the literature [6–11],
and often the chloroethyl moiety was not isolated but converted in situ to other derivatives by
nucleophilic displacement of the chloride [2–5].
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As part of our ongoing work in the chemistry of 1,2,6-thiadiazines [12,13], we identified
4,5,6-trichloropyrimidine-2-carbonitrile (1) as a product of the chloride-induced thermal degradation
of 3,4,4,5-tetrachloro-4H-1,2,6-thiadiazine (2) (Scheme 1) [12], while the same product has reappeared
in previous work with 1,2,6-thiadiazines [13–15].

Scheme 1. Isolation of trichloropyrimidine 1 from 3,4,4,5-tetrachloro-4H-1,2,6-thiadiazine (2).

We are interested in studying the use of trichloropyrimidine 1 as a synthetic scaffold as it offers
multiple sites of reactivity towards heteroatom nucleophiles or organometallic reagents. Previous efforts
to access pyrimidine 1 involve the use of the starting material 4,6-dichloro-2-(methylthio)-pyrimidine
(3) [16,17]. Another potentially useful scaffold for accessing pyrimidine 1 is the readily available
2,4,5,6-tetrachloropyrimidine (4), prepared by the treatment of barbituric acid with a refluxing mixture
of PCl5 and POCl3 in 67% yield [18]. Retrosynthetically, the C2 cyano group of pyrimidine 1 could be
introduced via a nucleophilic displacement of the C2 chloride of tetrachloropyrimidine 4 (Scheme 2).

 
Scheme 2. Structure of 4,6-dichloro-2-(methylthio)pyrimidine (3) and retrosynthetic analysis of
trichloropyrimidine 1.

2. Results and Discussion

We subjected tetrachloropyrimidine 4 to a variety of displacement conditions involving the use of
KCN with 18-crown-6 (0.1 equiv.), in the solvents MeCN, dioxane, DCM, or H2O and temperature
ranging between 20 and 100 ◦C, which led to either no reaction or degradation of the starting material.
In light of this, we turned to using n-Bu4NCN as the cyanide source that has been reported to afford
the cyanide substitution of 4-chloropyrimidine derivatives [19]. We therefore screened this reagent in
the presence of DABCO, which was used as a catalyst for the reported transformation [19]. Reaction
with n-Bu4NCN (2 equiv.) in the solvents MeCN, DMSO, acetone, PhH, MeOH, or even neat led to the
degradation of the starting material. Similarly, biphasic systems such as DCM/H2O or Pd-catalyzed
conditions (Pd(OAc)2 with the ligand dppb) [20] also led to degradation of the starting materials.

Interestingly, among our efforts to displace the C2 chloride in the presence of DABCO,
we observed the formation of a colorless side-product, identified as 2,4,5-trichloro-6-[4-(2-chloroethyl)
piperazin-1-yl]pyrimidine (5), which was isolated in 17% yield along with 60% recovered starting
material (Scheme 3). Reaction of tetrachloropyrimidine 4 with 1 equiv. of DABCO in MeCN, at ca.
20 ◦C, gave a 42% yield of piperazine 5 as the only product (Scheme 3, see the Supplementary Materials
for NMR spectra).
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Scheme 3. Synthesis of 2,4,5-trichloro-6-[4-(2-chloroethyl)piperazin-1-yl]pyrimidine (5).

Intrigued by this result, we then subjected 4,5,6-trichloropyrimidine-2-carbonitrile (1) to
the same reaction conditions that led to a slow consumption of the starting material, giving
4,5-dichloro-6-[4-(2-chloroethyl)piperazin-1-yl]pyrimidine-2-carbonitrile (6) as the only product in
52% yield (Scheme 4, see the Supplementary Materials for NMR spectra). The formation of the two
products 5 and 6 reveals that the most reactive chloride of tetrachloropyrimidine 4, towards DABCO,
is at the C2 position, while the most reactive site in trichloropyrimidine 1 is the C4 position. This result
shows that the chemistry of trichloropyrimidine 1 is complementary to other pyrimidine scaffolds and
supports its potential as a synthetic scaffold.

Scheme 4. Synthesis of 4,5-dichloro-6-[4-(2-chloroethyl)piperazin-1-yl]pyrimidine-2-carbonitrile (6).

3. Materials and Methods

The reaction mixture was monitored by TLC using commercial glass-backed thin-layer
chromatography (TLC) plates (Merck Kieselgel 60 F254). The plates were observed under UV light
at 254 and 365 nm. Acetonitrile (MeCN) was distilled over CaH2 before use. The melting point was
determined using a PolyTherm-A, Wagner & Munz Kofler Hotstage Microscope apparatus (Wagner
& Munz, Munich, Germany). The solvent used for recrystallization is indicated after the melting
point. The UV-vis spectrum was obtained using a Perkin-Elmer Lambda-25 UV-vis spectrophotometer
(Perkin-Elmer, Waltham, MA, USA), and inflections are identified by the abbreviation “inf”. The IR
spectrum was recorded on a Shimadzu FTIR-NIR Prestige-21 spectrometer (Shimadzu, Kyoto, Japan)
with the Pike Miracle Ge ATR accessory (Pike Miracle, Madison, WI, USA), and strong, medium, and
weak peaks are represented by s, m, and w, respectively. 1H and 13C NMR spectra were recorded
on a Bruker Avance 500 machine (at 500 and 125 MHz, respectively, (Bruker, Billerica, MA, USA)).
Deuterated solvents were used for homonuclear lock, and the signals were referenced to the deuterated
solvent peaks. Attached proton test (APT) NMR studies were used for the assignment of the 13C peaks
as CH3, CH2, CH, and Cq (quarternary). The MALDI-TOF mass spectrum (+ve mode) was recorded on
a Bruker Autoflex III Smartbeam instrument (Bruker). The elemental analysis was run by the London
Metropolitan University Elemental Analysis Service. 4,5,6-Trichloropyrimidine-2-carbonitrile (1) and
2,4,5,6-tetrachloropyrimidine (4) were prepared according to the literature procedures [12,18].
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4,5,6-Trichloro-2-[4-(2-chloroethyl)piperazin-1-yl]pyrimidine (5)

One portion 1,4-diazabicyclo[2.2.2]octane (DABCO, 56.0 mg, 0.500 mmol) was added to a stirred
mixture of 2,4,5,6-tetrachloropyrimidine (4) (109 mg, 0.500 mmol) in MeCN (5 mL) at ca. 20 ◦C.
The mixture was protected with a CaCl2 drying tube and stirred at this temperature until complete
consumption of the starting material (TLC, 48 h). DCM (10 mL) was then added, the mixture adsorbed
onto silica, and chromatography (DCM) gave the title compound 5 (63.3 mg, 42%) as colorless plates,
mp 84–85 ◦C (from MeCN); Rf 0.21 (DCM); (found: C, 36.47; H, 3.76; N, 16.86. C10H12Cl4N4 requires
C, 36.39; H, 3.67; N, 16.98%); λmax(DCM)/nm 262 (log ε 4.76), 332 (3.77); vmax/cm−1 2955 w, 2857 w
and 2810 w (C-H), 1566 s, 1520 w, 1483 m, 1450 w, 1366 w, 1302 m, 1283 m, 1196 m, 1179 w, 1144 w,
1076 w, 1001 m, 986 m, 812 m, 762 m; δH(500 MHz; CDCl3) 3.81 (4H, t, J 5.0, pip. NCH2), 3.61 (2H, t, J
6.8, CH2Cl), 2.77 (2H, t, J 6.8, NCH2), 2.56 (4H, t, J 4.8, pip. NCH2); δC(125 MHz; CDCl3) 159.2 (Cq),
157.2 (Cq), 113.1 (Cq), 59.6 (CH3), 52.7 (CH3), 44.0 (CH3), 40.8 (CH3); m/z (MALDI-TOF) 331 (MH+ + 2,
80%), 329 (MH+, 100), 266 (36).

4,5-Dichloro-6-[4-(2-chloroethyl)piperazin-1-yl]pyrimidine-2-carbonitrile (6)

One portion 1,4-diazabicyclo[2.2.2]octane (DABCO, 56.0 mg, 0.500 mmol) was added to a stirred
mixture of 4,5,6-trichloropyrimidine-2-carbonitrile (1) (104 mg, 0.500 mmol) in MeCN (5 mL) at ca. 20 ◦C.
The mixture was protected with a CaCl2 drying tube and stirred at this temperature until complete
consumption of the starting material (TLC, 4 days). DCM (10 mL) was then added, the mixture adsorbed
onto silica, and chromatography (DCM/Et2O, 95:5) gave the title compound 6 (83.4 mg, 52%) as colorless
needles, mp 47–48 ◦C (from MeOH/−60 ◦C); Rf 0.73 (DCM/Et2O, 95:5); (found: C, 41.27; H, 3.83; N,
21.65. C11H12Cl3N5 requires C, 41.21; H, 3.77; N, 21.84%); λmax(DCM)/nm 237 (log ε 4.27), 285 (4.20);
vmax/cm−1 2924 w and 2853 w (C-H), 1647 s, 1468 m, 1450 m, 1445 m, 1371 m, 1302 m, 1269 m, 1234 w,
1209 w, 1161 w, 1144 m, 1128 m, 1096 m, 1040 m, 997 s, 897 m, 800 w, 766 w; δH(500 MHz; CDCl3) 3.86
(4H, t, J 4.9, pip. NCH2), 3.61 (2H, t, J 6.7, CH2Cl), 2.79 (2H, t, J 6.7, NCH2), 2.65 (4H, t, J 4.9, pip. NCH2);
δC(125 MHz; CDCl3) 160.6 (Cq), 159.7 (Cq), 139.5 (Cq), 116.3 (Cq), 114.6 (Cq), 59.3 (CH3), 52.7 (CH3), 47.9
(CH3), 40.7 (CH3); m/z (MALDI-TOF) 324 (MH+ + 4, 35%), 322 (MH+ + 2, 72), 320 (MH+, 100), 217 (11).

Supplementary Materials: The following are available online: molfile, 1H and 13C-NMR spectra.
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Abstract: 4,6-Dichloro-2-(methylthio)pyrimidine (7) was converted to 4-chloro-6-methoxy-2-
(methylthio)pyrimidine (15) and 4,6-dimethoxy-2-(methylthio)pyrimidine (14). Chlorination of
the latter with N-chlorosuccinimide (NCS) affords 5-chloro-4,6-dimethoxy-2-(methylthio)pyrimidine
(16) in 56% yield. Both methylthiopyrimidines 15 and 14 were converted in two steps
to 4-chloro-6-methoxypyrimidine-2-carbonitrile (13) and 4,6-dimethoxypyrimidine-2-carbonitrile
(12), respectively, after oxidation to sulfones and displacement of the sulfinate group
with KCN. 4,6-Dimethoxypyrimidine-2-carbonitrile (12) was chlorinated with NCS to give
5-chloro-4,6-dimethoxypyrimidine-2-carbonitrile (10) in 53% yield. All new compounds were
fully characterized.

Keywords: heterocycle; pyrimidine; nucleophilic displacement; chlorination

1. Introduction

Pyrimidines are important aromatic N-heterocycles that are found in nature, for example,
as components of pyrimidine nucleotides and vitamin B1 (thiamine). Not surprisingly, the
chemistry of pyrimidines has been investigated for over a century and numerous reviews have
appeared [1]. Pyrimidines are also present in many drugs such as the CNS depressant phenobarbital,
the anti-HIV agent zidovudine and the hyperthyroidism drug propylthiouracil (Figure 1). Additional
pharmaceutical applications include uses as diuretics [2], anti-inflammatory [3], anti-malarial [4],
and anti-tumor [5] agents.

 
Figure 1. Pyrimidine containing drugs.

Our interest in pyrimidines began with 4,5,6-trichloropyrimidine-2-carbonitrile (1), which was
isolated as an unexpected minor product (1–5%) from the reaction of tetracyanoethene (TCNE) with SCl2
during the preparation of 2-(3,5-dichloro-4H-1,2,6-thiadiazin-4-ylidene)malononitrile (2) [6] (Scheme 1).
To obtain access to larger quantities of trichloropyrimidine 1, so that its chemistry could be investigated,
we pursued various independent syntheses.

Molbank 2019, 2019, M1086; doi:10.3390/M1086 www.mdpi.com/journal/molbank13
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Scheme 1. Preparation of trichloropyrimidine 1 from TCNE and from tetrachlorothiadiazine 3 [6,7].

To date, our most efficient synthesis of pyrimidine 1 starts from the highly reactive tetrachlorothiadiazine
3 via perchloro-9-thia-1,5,8,10-tetraazaspiro[5.5]undeca-1,4,7,10-tetraene (4) in a 53% overall yield [7]
(Scheme 1).

Below we report an alternative effort to prepare pyrimidine 1 that failed but did lead to the
preparation of several new poly-substituted pyrimidines.

A retrosynthetic analysis of trichloropyrimidine 1 revealed that the cyano-group could be
introduced by a nucleophilic displacement of a suitable leaving group in the C2 position by cyanide.
Such a group could be sulfinate 5 that can be prepared by oxidation of thioether 6. The latter could be
formed by C5 chlorination of the readily available starting pyrimidine 7 (Scheme 2).

Scheme 2. Retrosynthetic analysis of trichloropyrimidine 1.

In two alternative retrosynthetic strategies, pyrimidine 1 could be formed by 4,6-dihydroxy-
pyrimidine 8 or 4-hydroxypyrimidine 9 (Scheme 3). These compounds could be formed by deprotection
of the respective ethers 10 and 11. The presence of alkoxy groups in the C5 and C6 positions would
enable the easier chlorination of the C5 in precursors 12 and 13 due to the electron-donating character
of these groups. The cyano groups could be introduced in a similar manner to that described above
from thioethers 14 and 15, which could be formed from chloride displacement of dichloropyrimidine 7.
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Scheme 3. Alternative retrosynthetic analysis via methoxypyrimidines 14 and 15.

2. Results and Discussion

As described above, our independent synthesis began from the known 4,6-dichloro-2-(methylthio)
pyrimidine (7) that was prepared in two steps and 92% overall yield from thiobarbituric acid [8].
This starting material was selected because of the availability of the starting thiobarbituric acid and the
high yield of its transformation to dichloropyrimidine 7. The latter has a versatile thioether group at
C2 that can be displaced by cyanide and chlorides at the C4,6 positions. Early efforts to chlorinate the
C5 position of dichloropyrimidine 7 with either NCS in AcOH, at ca. 117 ◦C, refluxing PCl5/POCl3 or
neat PCl5 in a sealed tube at ca. 130 ◦C failed, giving only recovered starting material. Tentatively,
this was attributed to the electron-deficient nature of the ring in the presence of the C4/6 electronegative
chlorine atoms.

As such, we ‘activated’ the pyrimidine C5 position towards electrophilic chlorination by displacing
one or both chlorides by the strong electron-releasing alkoxides. The substitution reaction is known [9,10],
but by slightly modifying the reaction procedure to involve a more concentrated reaction mixture we
reduced the literature reaction time from 18 h to 2 h and obtained a high yield of methoxypyrimidine
15 (Scheme 4). Similarly, for the preparation of dimethoxy-pyrimidine 14, elevating the reaction
temperature to ca. 65 ◦C from 20 ◦C also led to shorter reaction time (2 h vs. 18 h) and a high yield of
14 (Scheme 4).

 

Scheme 4. Preparation of methoxypyrimidines 14 and 15.

Attempted C5 chlorination of the methoxypyrimidine 15 using either NCS or PCl5 as chlorinating
agents failed to give a complex mixture of products, but fortunately, dimethoxy-pyrimidine 14 reacted
smoothly with NCS in AcOH to give the new 5-chloropyrimidine 16 in a moderate 56% yield (Scheme 5,
see the supplementary materials for NMR spectra).
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Scheme 5. Preparation of 5-chloro-4,6-dimethoxy-2-(methylthio)pyrimidine (16).

Encouraged by this result, we then proceeded to functionalize the C2 ring position. Oxidation
of the thioether moiety in both pyrimidines 15 and 14 was performed by MCPBA (2 equiv), in DCM,
at ca. 0 ◦C, to give sulfones 17 and 18, respectively in excellent yields (Scheme 6). For comparison,
the literature procedure for the preparation of methoxypyrimidine 17 used the oxidant oxone and
obtained 78% yield of product 17 [11], whereas for dimethoxypyrimidine 18, MCPBA was used at
a temperature of ca. 30 ◦C giving a 67% yield of product 18 [12]. Subsequent displacement of the
sulfinate with KCN in MeCN yielded the new 2-cyanopyrimidines 13 and 12 in 27 and 83% yields,
respectively (Scheme 6, see the supplementary materials for NMR spectra).

Scheme 6. Preparation of 4-chloro-6-methoxypyrimidine-2-carbonitrile (13) and 4,6-dimethoxypyrimidine-
2-carbonitrile (12).

Unfortunately, attempts to chlorinate cyanopyrimidine 13 failed but the chlorination of
dimethoxypyrimidine 12 was successful and gave the new 5-chloropyrimidine 10 a potential precursor
to trichloropyrimidine 1 (Scheme 7, see SI for NMR spectra). Disappointingly, the subsequent step
of demethylation required to reach the target compound failed. In more detail, the reaction of
chloropyrimidine 10 with BBr3 (5 equiv) in DCM at ca. 20 ◦C gave a complex mixture of products, while
the use of TMSI in MeCN at ca. 82 ◦C led to degradation of the starting material to give tentatively
acyclic side-products.

Although this study has not yielded the desired trichloropyrimidine 1, it has given access to four
new polyfunctionalized pyrimidines that could be of use for the further investigation of the chemistry
and properties of pyrimidines.
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Scheme 7. Preparation of 5-chloro-4,6-dimethoxypyrimidine-2-carbonitrile (10).

3. Materials and Methods

The reaction mixture was monitored by TLC using commercial glass-backed thin-layer
chromatography (TLC) plates (Merck Kieselgel 60 F254). The plates were observed under UV light at
254 and 365 nm. Dichloromethane (DCM) and acetonitrile (MeCN) were distilled over CaH2 before
use. The 1 M and 3 M solutions of sodium methoxide (MeONa) in methanol (MeOH) were freshly
prepared by the reaction of sodium metal with MeOH. The melting point was determined using a
PolyTherm-A, Wagner & Munz, Kofler Hotstage Microscope apparatus (Wagner & Munz, Munich,
Germany). The solvent used for recrystallization is indicated after the melting point. The UV-vis
spectrum was obtained using a Perkin-Elmer Lambda-25 UV-vis spectrophotometer (Perkin-Elmer,
Waltham, MA, USA), and inflections are identified by the abbreviation “inf”. The IR spectrum was
recorded on a Shimadzu FTIR-NIR Prestige-21 spectrometer (Shimadzu, Kyoto, Japan) with Pike
Miracle Ge ATR accessory (Pike Miracle, Madison, WI, USA) and strong, medium and weak peaks
are represented by s, m and w, respectively. 1H and 13C NMR spectra were recorded on a Bruker
Avance 500 spectrometer [at 500 and 125 MHz, respectively, (Bruker, Billerica, MA, USA)]. Deuterated
solvents were used for homonuclear lock and the signals are referenced to the deuterated solvent
peaks. Attached proton test (APT) NMR studies were used for the assignment of the 13C peaks as
CH3, CH2, CH, and Cq (quaternary). The MALDI-TOF mass spectrum (+ve mode) was recorded on a
Bruker Autoflex III Smartbeam instrument (Bruker). The elemental analysis was run by the London
Metropolitan University Elemental Analysis Service. 4,6-dichloro-2-(methylthio)pyrimidine (7) was
prepared according to the literature procedure [8].

4-Chloro-6-methoxy-2-(methylthio)pyrimidine (15)

To a stirred mixture of 4,6-dichloro-2-(methylthio)pyrimidine (7) (585 mg, 3.00 mmol) in MeOH
(15 mL) at ca. 20 ◦C was added in one portion a solution of MeONa 1 M in MeOH (3.30 mL, 3.30 mmol).
The mixture was protected with a CaCl2 drying tube and stirred at this temperature until complete
consumption of the starting material (TLC, 2 h). Et2O (20 mL) and NaHCO3 sat. (10 mL) were
then added, the two layers separated, and the aqueous layer extracted with a further 10 mL of Et2O.
The combined organic phases were then dried over Na2SO4, filtered, and evaporated in vacuo to give
the title compound 15 (518 mg, 91%) as a colorless oil; Rf 0.31 (n-hexane/DCM, 70:30), δH(500 MHz;
CDCl3) 6.41 (1H, s, CH), 3.96 (3H, s, OCH3), 2.55 (3H, s, SCH3), identical to the one reported [11].

4,6-Dimethoxy-2-(methylthio)pyrimidine (14)

To a stirred mixture of 4,6-dichloro-2-(methylthio)pyrimidine (7) (780 mg, 4.00 mmol) in MeOH
(15 mL) at ca. 20 ◦C was added in one portion a solution of MeONa 3 M in MeOH (2.93 mL, 8.80 mmol).
The mixture was protected with a CaCl2 drying tube and heated to ca. 65 ◦C until complete consumption
of the starting material (TLC, 2 h). DCM (10 mL) was then added, the mixture adsorbed onto silica, and
chromatography (n-hexane/DCM 70:30) gave the title compound 14 (717 mg, 96%) as yellow plates,
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mp 53–54 ◦C (from n-hexane/−40 ◦C, lit. 53–54 ◦C [13]); Rf 0.18 (n-hexane/DCM, 70:30); δH(500 MHz;
CDCl3) 5.71 (1H, s, CH), 3.92 (6H, s, OCH3), 2.54 (6H, s, SCH3), identical to the one reported [14].

5-Chloro-4,6-dimethoxy-2-(methylthio)pyrimidine (16)

To a stirred mixture of 4,6-dimethoxy-2-(methylthio)pyrimidine (14) (93.1 mg, 0.500 mmol) in
AcOH (1 mL) at ca. 20 ◦C was added in one portion N-chlorosuccinimide (73.4 mg, 0.55 mmol).
The mixture was protected with a CaCl2 drying tube and stirred at this temperature until complete
consumption of the starting material (TLC, 24 h). DCM (10 mL) was then added, the mixture adsorbed
onto silica, and chromatography (n-hexane/DCM 70:30) gave the title compound 16 (61.6 mg, 56%) as
colorless needles, mp 128–129 ◦C (from n-hexane/−40 ◦C); Rf 0.46 (n-hexane/DCM, 70:30); (found: C,
37.94; H, 4.12; N, 12.53. C7H9ClN2O2S requires C, 38.10; H, 4.11; N, 12.69%); λmax(DCM)/nm 258 inf
(log ε 4.11), 267 (4.16); vmax/cm−1 2963w and 2930w (C-H), 1560m, 1555s, 1493m, 1458w, 1389m, 1358s,
1335w, 1319m, 1290m, 1269m, 1186m, 1182m, 1126s, 1070m, 926m, 770m; δH(500 MHz; CDCl3) 4.03
(6H, s, OCH3), 2.53 (3H, s, SCH3); δC(125 MHz; CDCl3) 167.5 (Cq), 165.1 (Cq), 95.2 (Cq), 55.0 (CH3),
14.4 (CH3); m/z (MALDI-TOF) 221 (M+-H + 2, 33%), 220 (M+, 75), 219 (M+ − H, 100), 206 (12).

4-Chloro-6-methoxy-2-(methylsulfonyl)pyrimidine (17)

To a stirred mixture of 4-chloro-6-methoxy-2-(methylthio)pyrimidine (15) (572 mg, 3.00 mmol) in
DCM (10 mL) cooled in an ice-bath to ca. 0 ◦C was added in one portion m-chloroperbenzoic acid of
77% purity (1.344 g, 6.000 mmol). The mixture was protected with a CaCl2 drying tube and stirred at
this temperature until complete consumption of the starting material (TLC, 1 h). Et2O (20 mL) and
Na2CO3 sat. (10 mL) were then added, the two layers separated, and the aqueous layer extracted with
a further 10 mL of Et2O. The combined organic phases were then dried over Na2SO4, filtered, and
evaporated in vacuo to give the title compound 17 (634 mg, 95%) as colorless needles, mp 85–86 ◦C
(from n-hexane/−40 ◦C, lit. 87–88 ◦C [11]); Rf 0.22 (n-hexane/DCM, 20:80); δH(500 MHz; CDCl3) 6.92
(1H, s, CH), 4.10 (3H, s, OCH3), 3.33 (3H, s, SO2CH3); identical to the one reported [11].

4,6-Dimethoxy-2-(methylsulfonyl)pyrimidine (18)

To a stirred mixture of 4,6-dimethoxy-2-(methylthio)pyrimidine (14) (186 mg, 1.00 mmol) in DCM
(5 mL) cooled in an ice-bath to ca. 0 ◦C was added in one portion m-chloroperbenzoic acid of 77%
purity (448 g, 3.000 mmol). The mixture was protected with a CaCl2 drying tube and stirred at this
temperature until complete consumption of the starting material (TLC, 1 h). Et2O (20 mL) and Na2CO3

sat. (10 mL) were then added, the two layers separated, and the aqueous layer extracted with a further
10 mL of Et2O. The combined organic phases were then dried over Na2SO4, filtered and evaporated in
vacuo to give the title compound 18 (124 mg, 98%) as colorless plates, mp 125–126 ◦C (from EtOH, lit.
126–128 ◦C [13]); Rf 0.74 (DCM); δH(500 MHz; CDCl3) 6.18 (1H, s, CH), 4.03 (6H, s, OCH3), 3.32 (3H, s,
SO2CH3); identical to the one reported [13].

4-Chloro-6-methoxypyrimidine-2-carbonitrile (13)

To a stirred mixture of 4-chloro-6-methoxy-2-(methylsulfonyl)pyrimidine (17) (223 mg, 1.00 mmol)
in MeCN (5 mL) at ca. 20 ◦C was added in one portion 18-crown-6 (26 mg, 0.10 mmol) followed by
KCN (195 mg, 3.00 mmol). The mixture was protected with a CaCl2 drying tube and stirred at this
temperature until complete consumption of the starting material (TLC, 18 h). Et2O (20 mL) and H2O
(10 mL) were then added, the two layers separated, and the aqueous layer extracted with a further
10 mL of Et2O. The combined organic phases were then dried over Na2SO4, filtered, and the mixture
adsorbed onto silica and chromatography (n-hexane/DCM 20:80) gave the title compound 13 (48 mg,
27%) as colorless needles, mp 69–70 ◦C (from n-hexane/−40 ◦C); Rf 0.67 (n-hexane/DCM 20:80); (found:
C, 42.65; H, 2.40; N, 24.63. C6H4ClN3O requires C, 42.50; H, 2.38; N, 24.78%); λmax(DCM)/nm 241 (log
ε 3.59), 262 (3.41); vmax/cm−1 3084w (C-H), 1562s, 1533m, 1518m, 1470m, 1396m, 1360s, 1341m, 1244w,
1190m, 1130s, 1038s, 978s, 945m, 880m, 862m, 770w; δH(500 MHz; CDCl3) 6.95 (1H, s, CH), 4.06 (3H, s,
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OCH3); δC(125 MHz; CDCl3) 170.8 (Cq), 161.3 (Cq), 143.5 (Cq), 114.6 (Cq), 111.1 (CH), 55.7 (CH3); m/z
(MALDI-TOF) 170 (M+-H + 2, 20%), 169 (M+, 40), 168 (M+ − H, 100), 132 (36).

4,6-Dimethoxypyrimidine-2-carbonitrile (12)

To a stirred mixture of 4,6-dimethoxy-2-(methylsulfonyl)pyrimidine (18) (218 mg, 1.00 mmol)
in MeCN (5 mL) at ca. 20 ◦C was added in one portion 18-crown-6 (26 mg, 0.10 mmol) followed by
KCN (195 mg, 3.00 mmol). The mixture was protected with a CaCl2 drying tube and stirred at this
temperature until complete consumption of the starting material (TLC, 24 h). Et2O (20 mL) and H2O
(10 mL) were then added, the two layers separated, and the aqueous layer extracted with a further 10
mL of Et2O. The combined organic phases were then dried over Na2SO4, filtered, and the mixture
adsorbed onto silica and chromatography (n-hexane/DCM 60:40) gave the title compound 12 (138 mg,
83%) as colorless needles, mp 113–114 ◦C (from n-hexane/−40 ◦C); Rf 0.31 (n-hexane/DCM, 60:40);
(found: C, 50.77; H, 4.35; N, 25.26. C7H7N3O2 requires C, 50.91; H, 4.27; N, 25.44%); λmax(DCM)/nm
259 (log ε 3.69); vmax/cm−1 3094w, 3003w, 2926w and 2849w (C-H), 1591s, 1566m, 1530m, 1468m, 1387m,
1352m, 1202s, 1173m, 1059s, 984m, 964m, 864m, 772m; δH(500 MHz; CDCl3) 6.20 (1H, s, CH), 3.98 (6H, s,
OCH3); δC(125 MHz; CDCl3) 171.2 (Cq), 142.6 (Cq), 115.5 (Cq), 94.1 (CH), 54.9 (CH3); m/z (MALDI-TOF)
166 (MH+, 100%), 165 (M+, 25), 164 (M+ − H, 51), 162 (55).

5-Chloro-4,6-dimethoxypyrimidine-2-carbonitrile (10)

To a stirred mixture of 4,6-dimethoxypyrimidine-2-carbonitrile (12) (50.0 mg, 0.303 mmol) in AcOH
(2 mL) at ca. 20 ◦C was added in one portion N-chlorosuccinimide (121 mg, 0.908 mmol). The mixture
was protected with a CaCl2 drying tube and stirred at ca. 117 ◦C until complete consumption of the
starting material (TLC, 24 h). Et2O (20 mL) and H2O (10 mL) were then added, the two layers separated,
and the aqueous layer extracted with a further 10 mL of Et2O. The combined organic phases were then
dried over Na2SO4, filtered, and the mixture adsorbed onto silica and chromatography (n-hexane/DCM
60:40) gave the title compound 10 (31.8 mg, 53%) as colorless needles, mp 145–147 ◦C (from n-hexane/−40
◦C); Rf 0.48 (n-hexane/DCM, 60:40); (found: C, 41.96; H, 2.89; N, 20.96. C7H6ClN3O2 requires C, 42.12;
H, 3.03; N, 21.05%); λmax(DCM)/nm 278 (log ε 3.66), 290 (3.45); vmax/cm−1 3003w, 2980w and 2918w
(C-H), 1572s, 1566s, 1545w, 1524w, 1493w, 1462m, 1443w, 1385m, 1373s, 1362m, 1294m, 1182m, 1126s,
1088w, 1076w, 1013w, 968m, 914m, 781s, 741w, 712m; δH(500 MHz; CDCl3) 4.09 (6H, s, OCH3); δC(125
MHz; CDCl3) 166.0 (Cq), 138.5 (Cq), 115.1 (Cq), 104.4 (Cq), 56.1 (CH3); m/z (MALDI-TOF) 202 (MH+ + 2,
34%), 201 (M+ + 2,29), 200 (M+,38), 199 (M+, 100), 192 (41), 156 (10).

Supplementary Materials: The following are available online, 1H and 13C NMR spectra.
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Abstract: The title compound, 2,2′-((1,4-dimethoxy-1,4-dioxobutane-2,3-diylidene)bis(azanylylidene))
bis(quinoline-3-carboxylic acid) was synthesized from isoxazolo[3,4-b]quinolin-3(1H)-one and
dimethyl acetylenedicarboxylate (DMAD) via a double aza-Michael addition followed by [1,3]-H
shifts. The product was characterized by infrared and nuclear magnetic resonance spectroscopy,
as well as elemental analysis and high-resolution mass spectrometry (HRMS). The proposed reaction
mechanism was rationalized by density functional theory (DFT) calculations.

Keywords: [1,3]-H shift; aza-Michael addition; DFT calculations; dimethyl acetylenedicarboxylate;
isoxazolo[3,4-b]quinolin-3(1H)-one

1. Introduction

Isoxazol-3(2H)-one and isoxazol-5(2H)-one derivatives (Figure 1) represent an extensive class
of heterocyclic ring systems found in natural products and building blocks employed in medicinal
chemistry. They may be treated as useful tools in organic synthesis since they are small and easy
to functionalize molecules that can be utilized to design novel bioactive compounds. It has been
proven that these synthetic products exhibit antibacterial [1–8], antifungal [7–16], antitubercular [3],
anticancer [3,6,17,18], antileucemic [5], antinflammatory [19–21], antiviral [22], anticonvulsant [1],
antioxidant [2,7], and antiandrogenic [23,24] properties. They may act as inhibitors of p38 MAP
kinases [25], protein kinase C [26], and protein-tyrosine phosphatase 1B, which consequently
cause antiobesity effect [27,28]. They also find applications as GABAA receptor ligands [29] and
glutamate receptor agonists [30–32], therefore they can affect learning and memory processes. Despite
the molecular mechanism of antifungal action of isoxazol-5(2H)-ones such as TAN-950A [16] and
drazoxolon [8,15] has not been established, it should be underlined that structurally similar antimicrobial
oxazolidones such as posizolid, tedizolid, radezolid and linezolid or cycloserine serve as inhibitors of
protein synthesis that prevent binding of N-formylmethionyl-tRNA to the ribosome. [33].

H H

Figure 1. The structure of isoxazolone derivatives.

Recently, our research group reported antibacterial [34] and antifungal [35] N-substituted
derivatives of 4,6-dimethylisoxazolo[3,4-b]pyridin-3(1H)-one 1, which were obtained in N1-alkylation,
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N1-acylation, and N1-sulfonation reactions. Moreover, we have implemented compound 1

and its benzo analogue, isoxazolo[3,4-b]quinolone-3(1H)-one 2, to tandem Mannich—electrophilic
amination reactions with formaldehyde and (fluoro)quinolones as secondary amines to obtain hybrid
quinolone-based quaternary ammonium compounds with proved antibacterial and antibiofilm activities
along with enhanced hydrophilic properties [36,37]. Furthermore, our studies aimed at reactivity
exploration of isoxazolones proved that under alkaline conditions the said heterocyclic ring system (2)
undergoes N1-alkylation followed by bimolecular base-catalyzed acyl-oxygen cleavage (BAC2) and
O-alkylation to yield N,O-dialkyl hydroxylamines (Scheme 1) [38]. Finally, we found that compounds 1

and 2 react with α,β-acetylenic carbonyl compounds (Michael acceptors) to give N-vinyl isoxazolones,
which transform into N-vinylhydroxylamines by means of BAC2 cleavage of C-O bond. The later react
with an excess of Michael acceptors to yield N,O-divinylhydroxylamines (enamines) that undergo
[3,3]-sigmatropic rearrangement to give Paal–Knorr intermediates (Scheme 1) [39]. These findings
prompted us to examine the aza-Michael addition reaction of isoxazolone 2 to double activated
electron-deficient acetylene, i.e., dimethyl acetylenedicarboxylate (DMAD).

N

N

N,O

N,O

 

Scheme 1. Base-promoted reactivity of isoxazolones.

Herein, we describe a facile approach to 2,2′-((1,4-dimethoxy-1,4-dioxobutane-2,3-diylidene)bis
(azanylylidene))bis(quinoline-3-carboxylic acid) 3 along with its characterization by experimental
methods such as 1H-NMR, IR, HRMS, and elemental analysis, as well as theoretical DFT calculations.

2. Results and discussion

2.1. Chemistry

We have performed the reaction of isoxazolone 2 with DMAD in anhydrous methanol at room
temperature. Triethylamine was used as a base to deprotonate the acidic isoxazolone ring and hence
form an ambident nucleophile capable to serve as a Michael donor. We reasoned that in the case of the
reaction between compound 2 and double activated acetylene derivatives such as DMAD, dual addition
to the Michael acceptor would occur (product A, Scheme 2). Unexpectedly, the isolated compound
proved alternate structure as evidenced by 1H-NMR spectrum (Supplementary Materials). The analysis
of the spectrum revealed a lack of the aliphatic signal of the methine CH groups as depicted in structure
A. Instead, two acidic protons were observed as broad singlet at δ = 13.85. Presumably, the initial step
of the reaction sequence involved nucleophilic attacks of isoxazolones on the α,β-unsaturated carbonyl
compound. The initially formed intermediate A undergoes base-promoted [1,3]-hydrogen shifts with
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isoxazolone rings cleavage to yield 2,3-diiminosuccinate derivative 3. The elucidated structure was
supported by the results of the high-resolution mass spectrometry and elemental analysis.

 

Scheme 2. The synthesis of 3 (2,2′-((1,4-dimethoxy-1,4-dioxobutane-2,3-diylidene)bis(azanylylidene))
bis(quinoline-3-carboxylic acid).

2.2. DFT Calculations

Quantum-chemical calculations were carried out to rationalize the formation of product 3.
The results obtained with density functional calculations (DFT) revealed that compound 3 is more
favorable than the double Michael addition product A, both in gas phase and in the solvent (Table 1).
Hence, the data obtained with use of B3LYP, ωB97XD, and APFD methods indicate that isomer 3 is 36.8
to 51.4 kcal/mol more stable than the intermediate A. Albeit the predictions are to some extent sensitive
to variation of the functional type applied, the results unequivocally prove that the base-promoted
[1,3] proton shifts that comprise isoxazolone ring opening transformations are intensely exothermic.

Table 1. Relative electronic energies (ΔE), and Gibbs free energies (ΔG) for isomers A and 3 calculated
using B3LYP, ωB97XD, and APFD density functionals and 6-31G+(d) basis set in vacuum and with
PCM (MeOH) solvation model.

Relative Energy

 

Vacuum A 3

ΔE (kcal/mol)
B3LYP 0 −46.5

ωB97XD 0 −40.5
APFD 0 −36.8

ΔG (kcal/mol)
B3LYP 0 −50.9

ωB97XD 0 −45.7
APFD 0 −40.6

MeOH A 3

ΔE (kcal/mol)
B3LYP 0 −47.8

ωB97XD 0 −42.2
APFD 0 −38.4

ΔG (kcal/mol)
B3LYP 0 −51.4

ωB97XD 0 −47.4
APFD 0 −41.1
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3. Materials and Methods

3.1. General Methods

All reagents and solvents were purchased from commercial sources (Acros Organics, Geel,
Belgium; Alfa-Aesar, Haverhill, MA, USA; or Sigma-Aldrich, Saint Louis, MO, USA) and used without
further purification. Isoxazolo[3,4-b]quinolin-3(1H)-one 2 was obtained according to the known
procedure [40,41]. Analytical TLC was performed on silica gel Merck 60 F254 plates (0.25 mm) with
UV light visualization. Melting point was determined on an X-4 melting point apparatus with a
microscope and was uncorrected. The IR spectrum was recorded on a Thermo Scientific Nicolet
380 FT-IR spectrometer. The 1H NMR spectrum was registered on a Varian Unity Plus 500 MHz
spectrometer. 1H NMR data were internally referenced to DMSO-d6 (2.50 ppm). The ESI-MS spectra
were recorded on Shimadzu single quadrupole LCMS 2010 eV mass spectrometer (Shimadzu, Kyoto,
Japan). The HRMS spectra were obtained using Agilent LC/MS Q-TOF 6550 mass spectrometer (Agilent
Technologies, Santa Clara, CA, USA). Elemental analysis was performed with Elementar Vario El Cube
CHNS (Elementar Analysensysteme GmbH, Langenselbold, Germany).

3.2. Synthesis of 2,2′-((1,4-dimethoxy-1,4-dioxobutane-2,3-diylidene)bis(azanylylidene))bis(quinoline-3-carboxylic
acid) (3)

Isoxazolo[3,4-b]quinolin-3(1H)-one 2 (0.186 g, 1 mmol), dimethyl acetylenedicarboxylate (0.123
mL, 1 mmol), and triethylamine (0.139 mL, 1 mmol) were dissolved in 10 mL of anhydrous methanol.
The reaction was stirred at room temperature and the reaction progress was monitored by TLC
(chloroform). After 12 h, the reaction mixture was concentrated to 5 mL under reduced pressure. Upon
cooling, the precipitated solid was filtered off and washed with diethyl ether (3 × 3 mL). The product
was obtained as a yellow solid. Yield 0.162 g (63%); mp 240 ◦C (with decomposition); IR (KBr) νmax

2952, 1747, 1736, 1627, 1610, 1574, 1557, 1454, 1204, 1133, 1064, 787, 759 cm–1; 1H-NMR (500 MHz,
DMSO-D6) δ 3.76 (s, 6H, OCH3), 7.35 (t, J = 7.8 Hz, 2H, CH), 7.41 (d, J = 7.8 Hz, 2H, CH), 7.79 (t, J = 7.8
Hz, 2H, CH), 7.99 (d, J = 7.8 Hz, 2H, CH), 8.71 (s, 2H, CH), 13.65 (bs, 2H, COOH); ESI-MS positive
ionization m/z 515 [M + 1]+, negative ionization m/z 513 [M − 1]−; HRMS m/z 515.1194 [M + 1]+ (calcd
for C26H19N4O8

+, 515.1197); anal. C 59.61, H 3.59, N 10.74%, calcd for C26H18N4O8·0.5H2O, C 59.66, H
3.66, N 10.70%.

3.3. DFT Calculations

All calculations have been performed with the Gaussian 16 [42] using standard algorithms and
thresholds. The hybrid Becke-3–Lee–Yang–Parr functional (B3LYP) [43], long-range-corrected hybrid
functional ωB97XD [44], as well as Austin–Frisch–Petersson hybrid density functional with dispersion
(APFD) [45] were utilized. The bulk solvent effects were taken into account for the DFT calculations by
means of polarizable continuum model (IEF-PCM) [46]. The 6-31G+(d) standard basis set has been
used in the course of this study. The geometry optimizations for the studied molecules were carried
out in their ground states with the inclusion of solvent effects. Vibrational analyses were used to
verify that the optimized structures correspond to local minima on the energy surface. Gibbs energies
including zero-point corrections, temperature corrections, and vibrational energies were computed for
standard conditions (T = 298.15 K, P = 1.0 atm) using the harmonic oscillator approximation.

4. Conclusions

In summary, we have shown that isoxazolone 2 in the presence of triethylamine reacts with
highly electrophilic DMAD via double aza-Michael addition followed by [1,3]-H shifts to give
2,2′-((1,4-dimethoxy-1,4-dioxobutane-2,3-diylidene)bis(azanylylidene))bis(quinoline-3-carboxylic acid)
3 in good yield. The structure of compound 3 was confirmed by spectroscopic characterization.
Finally, compound 3 was proven to be significantly more stable than intermediate A as evidenced by
DFT calculations.
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cytotoxic activities of some substituted isoxazolone derivatives. Marmara Pharm. J. 2011, 15, 94–99. [CrossRef]

19. Vergelli, C.; Schepetkin, I.A.; Crocetti, L.; Iacovone, A.; Giovannoni, M.P.; Guerrini, G.; Khlebnikov, A.I.;
Ciattini, S.; Ciciani, G.; Quinn, M.T. Isoxazol-5(2H)-one: A new scaffold for potent human neutrophil elastase
(HNE) inhibitors. J. Enzyme Inhib. Med. 2017, 32, 821–831. [CrossRef]

20. Hou, X.Q.; Gao, Y.W.; Yang, S.T.; Wang, C.Y.; Ma, Z.Y.; Xia, X.Z. Role of macrophage migration inhibitory
factor in influenza H5N1 virus pneumonia. Acta Virol. 2009, 53, 225–231. [CrossRef]

21. Laughlin, S.K.; Clark, M.P.; Djung, J.F.; Golebiowski, A.; Brugel, T.A.; Sabat, M.; Bookland, R.G.;
Laufersweiler, M.J.; VanRens, J.C.; Townes, J.A.; et al. The development of new isoxazolone based
inhibitors of tumor necrosis factor-alpha (TNF-α) production. Bioorg. Med. Chem. Lett. 2005, 15, 2399–2403.
[CrossRef]

22. Deng, B.-L.; Hartman, T.L.; Buckheit, R.W., Jr.; Pannecouque, C.; De Clercq, E.; Cushman, M. Replacement
of the Metabolically Labile Methyl Esters in the Alkenyldiarylmethane Series of Non-Nucleoside Reverse
Transcriptase Inhibitors with Isoxazolone, Isoxazole, Oxazolone, or Cyano Substituents. J. Med. Chem. 2006,
49, 5316–5323. [CrossRef]

23. Ishioka, T.; Tanatani, A.; Nagasawa, K.; Hashimoto, Y. Anti-Androgens with full antagonistic activity toward
human prostate tumor LNCaP cells with mutated androgen receptor. Bioorg. Med. Chem. Lett. 2003, 13,
2655–2658. [CrossRef]

24. Ishioka, T.; Kubo, A.; Koiso, Y.; Nagasawa, K.; Itai, A.; Hashimoto, Y. Novel Non-Steroidal/Non-Anilide Type
Androgen Antagonists with an Isoxazolone Moiety. Bioorg. Med. Chem. 2002, 10, 1555–1566. [CrossRef]

25. Laufer, S.A.; Margutti, S. Isoxazolone Based Inhibitors of p38 MAP Kinases. J. Med. Chem. 2008, 51, 2580–2584.
[CrossRef]

26. Demers, J.P.; Hageman, W.E.; Johnson, S.G.; Klaubert, D.H.; Look, R.A.; Moore, J.B. Selective inhibitors of
protein kinase C in a model of graft-vs-host disease. Bioorg. Med. Chem. Lett 1994, 4, 2451–2456. [CrossRef]

27. Kafle, B.; Aher, N.G.; Khadka, D.; Park, H.; Cho, H. Isoxazol-5(4H)one Derivatives as PTP1B Inhibitors
Showing an Anti-Obesity Effect. Chem. Asian J. 2011, 6, 2073–2079. [CrossRef]

28. Kafle, B.; Cho, H. Isoxazolone Derivatives as Potent Inhibitors of PTP1B. Bull. Korean Chem. Soc. 2012, 33,
275–277. [CrossRef]

29. Frolund, B.; Kristiansen, U.; Brehm, L.; Hansen, A.B.; Krogsgaard-Larsen, P.; Falch Partial, E. Partial
GABAA Receptor Agonists. Synthesis and in Vitro Pharmacology of a Series of Nonannulated Analogs of
4,5,6,7-Tetrahydroisoxazolo[4,5-c]pyridin-3-ol. J. Med. Chem. 1995, 38, 3287–3296. [CrossRef]

30. Tamura, N.; Matsushita, Y.; Kishimoto, S.; Itoh, K. Synthesis and Biological Activity of (S)-2-Amino-3-(2,
5-dihydro-5-oxo-4-isoxazolyl)propanoic Acid (TAN-950 A) Derivatives. Chem. Pharm. Bull. 1991, 39,
1199–1212. [CrossRef]

31. Tamura, N.; Itoh, K.; Iwama, T. Synthesis and Glutamate-Agonistic Acitivity of (S)-2-Amino-3-(2,
5-dihydro-5-oxo-3-isoxazolyl)-propanoic Acid Derivatives. Chem. Pharm. Bull. 1992, 40, 381–386. [CrossRef]

32. Toshi, I.; Yasuo, N.; Norikazu, T.; Setsuo, H.; Akinobu, N. A novel glutamate agonist, TAN-950 A, isolated
from streptomycetes. Eur. J. Pharmacol. 1991, 197, 187–192. [CrossRef]

33. Shinabarger, D. Mechanism of action of the oxazolidinone antibacterial agents. Exp. Opin. Investig. Drugs
1999, 8, 1195–1202. [CrossRef] [PubMed]
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Abstract: Using environmentally friendly conditions, the nucleophilic ring-opening reaction of 6-
azabicyclo[3.1.0]hex-3-en-2-ol with 1-methyl-1H-tetrazole-5-thiol provided a novel thiol-incorporated
aminocyclopentitol, (1R,4S,5S)-5-((3-hydroxypropyl)amino)-4-((1-methyl-1H-tetrazol-5-yl)thio)
cyclopent-2-en-1-ol, in excellent yield (95%). The newly synthesized compound was analyzed and
characterized via 1H, 13C-NMR, HSQC, and mass spectral data.

Keywords: aminocyclopentitol; bicyclic aziridine; water chemistry; nucleophilic substitution

1. Introduction

Aziridines are recurrent motifs in anticancer compounds (Figure 1A) and are useful
building blocks in organic synthesis, largely due to their ring strain [1].

Azinomycin A 
Azinomycin B  

PBI-A
PBI-B 
PBI-C

Mitomycin A 
Mitomycin C 
Porfiromycin 

Peramivir TrehazolinNeplanocin A Ticagrelor

Anticancer activity

 
Figure 1. Examples of chemical structures of bioactive compounds containing aziridines (A) and
important biological compounds containing the aminocyclopentitol scaffold (B) [2–4].

In 1972, Kaplan and co-workers implemented an innovative methodology to prepare
6-azabicyclo[3.1.0]hex-3-en-2-ol (bicyclic vinyl aziridines) via the photochemical conversion
of pyridinium salts (Scheme 1) [5]. Bicyclic vinyl aziridines are useful intermediates to
access aminocyclopentitols, a family of natural compounds known for being glycosidase
inhibitors (Figure 1B) [6,7]. The synthetic methodology to prepare aminocyclopentitols
involves the synthesis of bicyclic vinyl aziridines, followed by a ring-opening reaction
to originate an aminocyclopentene, which after further functionalization originate the
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desired aminocyclopentitol. This methodology was developed by Mariano [8] and ap-
plied to the synthesis of several aminocyclopentitols, such as (+)-mannostatin A [9], (+)-
castanospermine [10], and (-)-swainsonine [11] (Scheme 1).

 
Scheme 1. Synthetic methodology to prepare aminocyclopentitols by taking advantage of bicyclic vinyl aziridines prepared
via photoreactions of pyridinium salts [9–11].

Mannostatin A is a natural product, first isolated from a soil microorganism Streptover-
ticillus, and is among the most potent inhibitors of class II α-mannosidase. The chemical
structure of Mannostatin A contains a thiol functionality, responsible for the high affinity
to the enzyme’s binding site [12]. Inhibitors of glycosidases are leading the drug discovery
across cancer, and viral and bacterial infections. Mannostatin A and its analogs [13] have
been used to study the inhibition of glycosidases to orientate the development of drug
candidates [6,7].

Our group studied the photochemical reactions of pyridinium salts to bicyclic vinyl
aziridines under continuous-flow [14,15]. The implementation of flow enabled the synthesis
of bicyclic vinyl aziridines with larger productivity when compared to reported batch
methods [16] and also the achievement of a gram scale production [15] (Scheme 2A).

Previous work

n-

Flow vs Batch

Flow photochemistry

This work

Scheme 2. (A) Flow photocyclization of pyridinium salts [14,15], improvements over batch methodology [16,17]; previous
work on (B) palladium-catalyzed allylic substitutions on bicyclic vinyl aziridines using carbon-based nucleophiles [18] and
(C) nucleophilic ring-opening reactions of bicyclic vinyl aziridines with thiol and nitrogen nucleophiles [17]; (D) this work:
nucleophilic ring-opening reaction of bicyclic vinyl aziridine ring (2c) by 1-methyl-1H-tetrazole-5-thiol to produce 3c.
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We also studied several bicyclic vinyl aziridines transformations. In collaboration with
G. Poli, we reported a palladium-catalyzed allylic substitutions using C-nucleophiles [18]
(Scheme 2B). Additionally, we accomplished several ring-opening reactions using sulfur
and nitrogen-based nucleophiles in an aqueous medium, including a bioconjugation with
the peptide hormone salmon calcitonin (sCT) [17] (Scheme 2C). Within the reactions
performed, the best yields were achieved for thiol-nucleophiles. In line with this work, we
herein present the ring-opening reaction of 6-(3-hydroxypropyl)-6-azabicyclo[3.1.0]hex-3-
en-2-ol by a thiol-based nucleophile, 1-methyl-1H-tetrazole-5-thiol (Scheme 2D).

2. Results and Discussion

The starting material, 1-(3-hydroxypropyl)pyridin-1-ium chloride (1c), was prepared
from pyridine and 3-chloropronanol following our reported method. 6-(3-hydroxypropyl)-
6-azabicyclo[3.1.0]hex-3-en-2-ol (2c) was obtained by photohydration of the pyridinium salt
1c (Scheme 3), also taking advantage of our previous reported synthetic methodology [18].
In this work, the bicyclic vinyl aziridine 2c was subjected to thiol-nucleophilic attack by
1-methyl-1H-tetrazole-5-thiol, applying our reported optimized conditions [17]. An excess
of the nucleophile (3 equivalents) was used under mild reaction conditions (37 ◦C, in water),
and we obtained the product 3c as a brown oil, in excellent yield (95%) after purification
by silica gel chromatography (Scheme 3). The ring-opening reaction occurs via the SN2
pathway in a regio- and stereospecific manner, and the nucleophile attacks in the less
sterically hindered carbon of the aziridine moiety, as previously reported by Mariano [19]
and Burger [20], and more recently also by us [17].

 

Scheme 3. Synthetic pathway from photocyclization of 1-(3-hydroxypropyl)pyridin-1-ium chloride (1c) [18], followed by a
nucleophilic attack to the bicyclic vinyl aziridine ring (2c) by 1-methyl-1H-tetrazole-5-thiol to produce 3c.

The product 3c was characterized by 1H-NMR, 13C-NMR, HSQC, and HRMS. By
analyzing the 1H-NMR spectrum (Figure S1), we can observe characteristic peaks from
product 3c: a singlet at 3.96 ppm, corresponding to the methyl group linked to the tetrazole
ring (H-18), and multiplets corresponding to the geminal protons of the thioether at 4.30–
4.29 ppm (H-4), the alcohol at 4.59–4.58 ppm (H-1), and the amine at 3.29–3.26 ppm (H-5).
The signals for the hydroxypropyl chain can be observed as a quartet (J = 6.9 Hz, 2.77 ppm),
a multiplet (1.76–1.67 ppm), and a triplet (J = 6.4 Hz, 3.60 ppm), corresponding to the
protons vicinal to the amine (H-7), to the middle-chain methylene (H-8), and to the protons
geminal to the hydroxyl group (H-9), respectively. Additionally, the 13C-NMR (Figure S2)
shows the characteristic peaks from the tetrazole ring: a quaternary carbon at 153.32 ppm
(C-13), which does not correlate with a proton signal in the HSQC (Figure S3), and the
carbon from the methyl group at 33.87 ppm (C-18).

The product 3c can be further functionalized, since it has a primary and a secondary
hydroxyl group. Moreover, 3c has a tetrazole ring which could lead to potential biological
activity, since the tetrazole moiety can be found in different approved [21] and candidate
drugs [22,23]. Accomplishing the synthesis of 3c contributed to expanding our previous
aminocyclopentitols library [17].
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3. Materials and Methods

All chemicals, reagents, and solvents were of analytical grade, purchased from com-
mercial sources, namely, Merck (Algés, Portugal) and Alfa Aesar (Kandel, Germany) and
were used without further purification. NMR spectra were obtained on a Bruker Fourier
300 spectrometer (Bruker BioSpin AG, Fallanden, Switzerland) using TopSpin(®) software
(Bruker BioSpin GmbH, Rheinstetten, Germany). NMR experiments were performed in
D2O at room temperature. Chemical shifts are given in parts per million (ppm); the terms
m, s, d, t, and q represent multiplet, singlet, doublet, triplet, and quartet, respectively; and
the coupling constants (J) are given in Hertz (Hz). High-resolution mass spectroscopy
(HRMS) was performed in a LTQ Orbitrap XL mass spectrometer, Thermo Fischer Scientific,
Bremen, Germany.

1-(3-Hydroxypropyl)pyridin-1-ium chloride (1c) and (1R,2R,5R)-6-(3-hydroxypropyl)-
6-azabicyclo[3.1.0]hex-3-en-2-ol (2c) were prepared as previously described by us [18].

(1R,4S,5S)-5-((3-hydroxypropyl)amino)-4-((1-methyl-1H-tetrazol-5-yl)thio)cyclopent-2-en-
1-ol 3c: To a solution of (1R,2R,5R)-6-(3-hydroxypropyl)-6-azabicyclo[3.1.0]hex-3-en-2-ol
2c (29.6 mg; 0.19 mmol) in distilled water (1 mL), 1-methyl-1H-tetrazole-5-thiol (60.1 mg;
0.57 mmol, 3 equiv.) was added. The reaction mixture was stirred at 37 °C and followed
by TLC (eluent: dichloromethane/methanol, 9:1) until the complete disappearance of
the starting material, observed after 7 days. The crude reaction was concentrated under
reduced pressure and purified by silica gel chromatography eluting with dichloromethane,
methanol, and triethylamine (9:1:0.1) to afford the ring-opening product 3c as a brown oil
in 95% yield (49.23 mg).

1H-NMR (300 MHz, D2O) δ 5.95–5.90 (m, 2H, H-2 and H-3), 4.59–4.58 (m, 1H, H-1),
4.30–4.29 (m, 1H, H-4), 3.96 (s, 3H, H-18), 3.60 (t, J = 6.4 Hz, 2H, H-9), 3.29–3.26 (m, 1H,
H-5), 2.77 (q, J = 6.9 Hz, 2H, H-7), 1.76-1.67 (m, 2H, H-8).

13C-NMR (100 MHz, D2O) δ 153.32 (C-13), 135.02 (C-3), 131.91 (C-2), 80.01 (C-1), 72.44
(C-5), 59.60 (C-9), 55.55 (C-4), 44.05 (C-7), 33.87 (C-18), 30.67 (C-8).

HRMS m/z calc. for C10H17N5O2S [M + H]+ 272.11757, obtained 272.11740.

4. Conclusions

We obtained (1R,4S,5S)-5-((3-hydroxypropyl)amino)-4-((1-methyl-1H-tetrazol-5-yl)thio)
cyclopent-2-en-1-ol (3c) through bicyclic vinyl aziridine ring-opening reaction, with 1-
methyl-1H-tetrazole-5-thiol. The reaction was executed under mild (37 °C) and sustainable
(water as reaction medium) conditions. The compound 3c was characterized using 1H
NMR, 13C NMR, HSQC, and HRMS.

Supplementary Materials: The following are available online, Figure S1: 1H NMR spectrum; Figure
S2: 13C-NMR spectrum; Figure S3: HSQC spectrum; Figure S4: HRMS.
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Abstract: (E)-1-(4-Ethoxycarbonylphenyl)-5-(3,4-dimethoxyphenyl)-3-(3,4-dimethoxystyryl)-2-
pyrazoline was synthesized via the cyclization reaction between the monocarbonyl curcuminoid
(2E,6E)-2,6-bis(3,4-dimethoxybenzylidene)acetone and ethyl hydrazinobenzoate in high yield and
purity (>95% by High-performance liquid chromatography (HPLC)). The compound has been fully
characterized by 1H, 13C NMR, FTIR, UV-Vis and HRMS and its activity was evaluated in terms of its
potential interaction with DNA as well as its cytotoxicity against resistant and non-resistant tumor
cells. Both DNA thermal denaturation and DNA viscosity measurements revealed that a significant
intercalation binding takes place upon treatment of the DNA with the synthesized pyrazoline,
causing an increase in melting temperature by 3.53 ± 0.11 ◦C and considerable DNA lengthening and
viscosity increase. However, neither re-sensitisation of Doxorubicin (DO X)-resistant breast cancer
and multidrug resistance (MDR) reversal nor synergistic activity with DOX by potentially increasing
the DOX cell killing ability was observed.

Keywords: pyrazolines; curcuminoids; nitrogen heterocycles; cytotoxic; DNA binding; MDR reversal

1. Introduction

Nitrogen-containing heterocycles are important core structures found in many natural products [1]
and synthetic compounds exhibiting a broad range of biological activities. Recent analysis of a
Food and Drug Administration-approved drug database revealed that 59% of unique small-molecule
drugs contain at least one nitrogen heterocycle [2]. Pyrazolines in particular, constitute a class
of five-membered heterocycles incorporating a nitrogen-nitrogen (N-N) bond [3], with remarkable
pharmacological applications [4] as anticancer [5–9], anti-inflammatory [10–12], antimicrobial [13,14],
and antimalarial drugs [15].

Representative examples of synthetic bioactive pyrazolines are depicted in Figure 1. Thiazolone
containing pyrazoline 1 has been found to be selectively active against colon cancer cell lines, especially
on HT-29 [6]. Benzimidazole pyrazoline 2 has been reported by Shaharyar et al. as the most active
antitumor compound among a library of selected similar derivatives [7], whereas benzenesulfonamide
pyrazoline 3 was shown by Rathish et al. in in vitro and in vivo studies to be a more potent
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anti-inflammatory agent than celecoxib [10]. Manna et al. investigated 1-acetyl-3,5-diaryl-pyrazolines
4a and 4b for their anticancer activity and binding affinity to P-glycoprotein [16]. On the other hand,
3,5-divinylpyrazole 5 (Figure 1) which is a curcumin derivative, has been reported by Kolotova et al.
as a potent inhibitor of P-glycoprotein, which is associated with the induction of multidrug resistance
in cancer chemotherapy [17,18]. Such molecules have consequently caused resensitisation of the
resistant cells and reversal of the multidrug resistance phenomenon [18]. Taking into account the
aforementioned promising findings, we synthesized compound 6 (Figure 2) which is the pyrazoline
analogue of the curcuminoid pyrazole derivative 5, and we studied its interaction with DNA as well as
its cytotoxicity against chemo-resistant and non-resistant tumor cells.

Figure 1. Structures of known biologically active pyrazolines 1–4, pyrazole 5 and title pyrazoline 6.
The numbering of compound 6 skeleton is according to common pyrazoline nomenclature. The product
6 is racemic, however the relative configuration is shown for clarity and simplicity purposes to describe
the AMX system and the assignments.
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2. Results and Discussion

2.1. Synthesis and Characterization

The synthetic route towards the preparation of the title compound 6 is outlined in Schemes 1 and 2.
In the first step, the intermediate symmetrical monocarbonyl curcuminoid 7 was synthesized from
acetone and veratraldehyde via base-catalyzed Claisen–Schmidt condensation reaction and used after
recrystallization from ethanol (Scheme 1).

Scheme 1. Synthesis of monocarbonyl curcuminoid intermediate 7. Reagents and conditions: (i) NaOH,
EtOH, 2 h, r.t.

Scheme 2. Synthesis of (E)-1-(4-ethoxycarbonylphenyl)-5-(3,4-dimethoxyphenyl)-3-(3,4-dimetho-
xystyryl)-2-pyrazoline 6. Reagents and conditions: (i) H2SO4, EtOH, reflux, 5 h; (ii) 7, glacial AcOH,
reflux, 5 h.

In the second step, 7 reacted with ethyl hydrazinobenzoate 9, prepared from the esterification
of the corresponding carboxylic acid 8 with ethanol and concentrated sulfuric acid. The cyclization
reaction between curcuminoid 7 and the hydrazine 9 in refluxing glacial acetic acid afforded the
desired pyrazoline 6 in high yield and purity without the need for further purification. However,
for analytical or biological purposes, even higher purity was achieved by ethanol precipitation (≥ 95%),
as determined by high performance liquid chromatography (HPLC, see Supplementary Materials).

The structure of 6 has been confirmed by NMR spectroscopy and HRMS spectrometry.
The characteristic signals assigned to the protons on C-4 (HM, HA) and C-5 (HX) of the pyrazoline
ring (Figure 1) can be described as a typical AMX spin system. Three doublets of doublets appear
at 3.03 (HA), 3.78 (HM) and 5.51 (HX) ppm. The coupling constants conform to this abovementioned
pattern having the following J values: JAM = 17.2 Hz the JAX = 4.6 Hz for the cis- configuration and
JMX = 12.2 Hz for the trans. Moreover, the large J value (16.4 Hz) of the vinylic Hα and Hβ protons,
appearing at 6.81 and 7.21 ppm respectively, is in accordance with the expected E-configuration of the
double bond. The rest of the 1H signals, along with the 13C signals, were assigned by means of 2D
NMR (COSY, HSQC and HMBC—see Supporting material).
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The FTIR spectrum of the prepared compound further supports the formation of a 2-pyrazoline.
The characteristic C=N and C-N bonds of the molecule appear at 1600 and 1250 cm–1 respectively as
strong bands, while the medium intensity band at 1700 cm–1 is assigned to the C=O of the aromatic ester.

2.2. Biological Evaluation

2.2.1. DNA Binding Studies

The potential of compound 6 to interact with CT-DNA was studied by means of the biophysical
methods of DNA melting and DNA viscosity changes. Firstly, in thermal denaturation experiments for
CT-DNA alone, under our experimental conditions, a Tm of 69.02 ± 0.31 ◦C was recorded, a value
that is in good agreement with reported literature values [19]. Upon co-incubation of increasing
concentrations of compound 6 with CT-DNA (5 × 10–5 M), a concentration-dependent rise of Tm values
was recorded reaching a ΔTm value of 3.53 ± 0.11 ◦C at the highest [compound 6]/[DNA] ratio of
R = 0.5 (Figure 2A). As in the literature an increase in melting temperature with ΔTm values ranging
from +3 ◦C to +14 ◦C is associated with intercalative binding [20], the observed ΔTm value suggests
that compound 6 may interact with DNA through intercalation. To further investigate the nature of
this interaction with CT-DNA, viscosity measurements were carried out. In general, interaction of
a compound with DNA results in changes in the length of DNA [21]. When classical intercalation
occurs, DNA lengthening is usually observed, due to the separation of base pairs at the intercalation
site, which produces a concomitant increase in the relative specific viscosity of such solutions. As it
is shown by the viscosity data obtained (Figure 2B), with increasing concentration of compound 6,
the relative viscosity of CT-DNA increases continuously, providing additional evidence of intercalation
mode of binding. Curcumin and curcumin derivatives are known to interact with DNA via groove
binding [22–25], as demonstrated by UV-visible, competitive fluorescence studies, CD spectroscopy,
DNA viscosity and melting studies. The interaction of the pyrazoline curcuminoid 6, with DNA via the
intercalative mode, demonstrates the fact that structural modifications of bioactive molecules modulate
dramatically their mechanism, mode and specificity of action.

Figure 2. Thermal denaturation data of CT-DNA (A) and Effect of increasing amounts on the relative
viscosity of CT-DNA (B) upon addition of compound 6 with ratios R = [compound 6]/[DNA] ranging
from 0 to 0.5.

2.2.2. In Vitro Cytotoxicity Studies Against Doxorubicin-Resistant Breast Cancer Cells

To assess the relative toxicity of compound 6, Doxorubicin (DOX) and their combination, the MTT
colorimetric method was employed against MCF-7 breast cancer cell line and the corresponding
DOX-resistant (MCF-7/DOXR) cell line. Compound 6 exhibited moderate toxicity against both MCF-7
DOX-sensitive and resistant cells, with IC50 values of 53.09 μM and 85.11 μM respectively, following a
48 h treatment (Table 1). Furthermore, the IC50 value obtained for the cytotoxity of DOX in MCF-7 was
in good agreement with literature data [26], and as expected, in the MCF-7/DOXR cells DOX was found
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to be less toxic compared to corresponding non-resistant cells (14-fold lower). In order to evaluate the
potential ability of compound 6 to re-sensitize the DOX-resistant cells and re-establish a low IC50 value
for DOX, or investigate the potential synergistic activity of compound 6 with DOX in the parental cell
line, both the MCF-7 and the MCF-7/DOXR cells were pre-treated with a small amount of compound
6 before the DOX co-incubation. As presented in Table 1, compound 6 did not alter IC50 values of
DOX in either cell lines and no significant reduction was observed. Our data reveal that even though
compound 6 has a close structural similarity with 5 it does not seem to reverse drug resistance in
DOX-resistant MCF-7/DOXR and re-sensitize them as well as no synergistic activity was exhibited with
DOX against the parental MCF-7 cells.

Table 1. Effect of curcuminoid pyrazoline 6 on DOX sensitivity in MCF-7 and MCF-7/DOXR.

Compound
IC50 (μM)

MCF-7 MCF-7-DOXR

6 53.09 ± 3.58 85.11 ± 4.68
DOX 5.22 ± 1.33 70.90 ± 8.75

DOX (pre-incubated with 6) 7.71 ± 1.59 72.55 ± 4.99

3. Materials and Methods

3.1. General

All reagents were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Alfa Aesar (Lancaster,
UK) unless otherwise stated and used without further purification. All the media/agents for the
cultures of cells were purchased from Thermo Fisher Scientific (Cleveland, OH, USA). Melting points
were determined with a Gallenkamp MFB-595 melting point apparatus (Weiss Gallenkamp, London,
UK). NMR spectra were recorded with a Bruker Avance 500 MHz spectrometer (Bruker, Rheinstetten,
Germany) operating at 500 MHz (1H) and 125 (13C). Chemical shifts are reported in ppm relative to
DMSO-d6 (1H: δ = 2.50 ppm, 13C: δ = 39.52 ± 0.06 ppm) or CDCl3 (1H: δ = 7.26 ppm). UV-Vis spectra
were recorded with a Hitachi U-3010 spectrophotometer (Hitachi, Tokyo, Japan). IR spectra were
recorded on a Perkin-Elmer Spectrum 100-IR spectrophotometer (Perkin-Elmer, San Francisco, CA,
USA). HRMS spectra were recorded on UHPLC LC-MSn Orbitrap Velos-Thermo instrument (Thermo
Scientific; Bremen, Germany) in the Institute of Biology, Medicinal Chemistry and Biotechnology
of the National Hellenic Research Foundation. HPLC analysis was performed with a Waters 600E
Chromatography System coupled with a Waters 486 UV detector (at 254 nm) (Waters, Manchester, UK).
Separation was achieved on a C-18 reverse phase column (250 × 4 mm, 5μm) eluted with a binary
gradient system at 1 mL/min flow rate. Mobile phase A was methanol containing 0.1% trifluoroacetic
acid, while mobile phase B was water containing 0.1% trifluoroacetic acid. The elution gradient was
0–1 min 5% A (95% B), followed by a linear gradient to 70% A (30% B) in 5 min; this composition was
held for another 3 min; 85% A (15% B) for 17 min. After a column wash with 95% A (5% B) for 10 min,
the column was re-equilibrated by applying the initial conditions 5% A (95% B) for 10 min prior to the
next injection.

3.2. (1E,4E)-1,5-Bis(3,4-dimethoxyphenyl)penta-1,4-dien-3-one (7)

To a solution of veratraldehyde (3.32 g, 20 mmol) and acetone (0.98 g, 10 mmol) in ethanol (10 mL)
was added a suspension of NaOH (5 g, 125 mmol) in ethanol (40 mL). The resulting suspension was
stirred for 2 h at room temperature. After 10 min, a yellow solid started to precipitate. The mixture
was filtered, washed with water (×3) and dried. The resulting solid was recrystallized from ethanol
to afford the product as yellow needles (2.84 g, 7.20 mmol, 72%). Mp: 79–80 ◦C; 1H NMR (500 MHz,
DMSO-d6): δ 3.82 (s, 6H, OMe), 3.84 (s, 6H, OMe), 7.03 (d, J = 8.3 Hz, 2H, Ph), 7.23 (d, J = 15.9 Hz, 2H,
-CH=CH-Ph), 7.33 (d, J = 8.3 Hz, 2H, Ph), 7.40 (s, 2H, Ph), 7.70 (d, J = 15.9 Hz, 2H, -CH=CH-Ph) [27–29].
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3.3. Ethyl 4-hydrazinobenzoate (9)

To a solution of 4-hydrazinobenzoic acid (1.52 g, 10 mmol) in absolute ethanol (20 mL) was added
dropwise concentrated H2SO4 (1 mL). After stirring under reflux for 8 h, the mixture was cooled to
room temperature and then concentrated under vacuum. The residue was suspended in AcOEt (40 mL)
and washed with a saturated K2CO3 solution. The latter was extracted two times with AcOEt (20 mL).
The combined organic solutions were dried over Na2SO4 and the solvent was evaporated to afford the
product as off-white solid (1.35 g, 7.5 mmol, 75%). Mp: 106–107 ◦C; 1H NMR (500MHz, CDCl3): δ
1.37 (t, J = 7.0 Hz, 3H, CH3CH2), 3.31 (br, 2H, NHNH2), 4.33 (q, J = 7.0 Hz, 2H, CH3CH2), 5.52 (br, 1H,
NHNH2), 7.40 (d, J = 7.4 Hz, 2H, Ph), 7.92 (d, J = 7.4 Hz, 2H, Ph) [30].

3.4. (E)-1-(4-Ethoxycarbonylphenyl)-5-(3,4-dimethoxyphenyl)-3-(3,4-dimethoxystyryl)-2-pyrazoline (6)

A mixture of the curcuminoid 7 (177 mg, 0.50 mmol) and ethyl 4-hydrazinobenzoate 9 (270 mg,
1.50 mmol) was refluxed in glacial acetic acid (6 mL) for 5 h. The solution was cooled to 50 ◦C and
then poured into ice-cold water (50 mL). The completion of the reaction was monitored by TLC
(n-hexane/AcOEt = 7:3) after mini work-up. The precipitate was filtered and washed thoroughly with
water (×3). The product (199 mg, 0.39 mmol, 78%) was dried in a desiccator over CaCl2 overnight.
For analytical purposes, it was precipitated from hot ethanol. Yellow solid. Mp: 76-77 ◦C; UV-Vis
(EtOH) λmax (log ε): 388 nm (4.65); FTIR (KBr, cm–1): 1700, 1600, 1510, 1265, 1170, 1105, 1025, 765; 1H
NMR (500 MHz, DMSO-d6): δ 1.26 (t, J = 6.8 Hz, 3H, CH3CH2O-), 3.03 (dd, JMX = 4.6 Hz, JAM = 17.1
Hz, 1H, CHAHM), 3.69 (s, 3H, MeO), 3.71 (3H, s, MeO), 3.74 (dd, JAX = 11.8 Hz, JAM = 17.1 Hz, 1H,
CHAHM), 3.77 (s, 3H, MeO), 3.81 (s, 3H, MeO), 4.21 (q, J = 6.8 Hz, 2H, CH3CH2O-), 5.51 (dd, JMX =

4.6 Hz, 1H, JAX = 11.8 Hz, CHX), 6.65 (d, J = 7.8 Hz, 1H, Ph), 6.81 (d, J = 16.2 Hz, 1H, Hβ), 6.87 (1H,
s, Ph), 6.88 (d, J = 7.8 Hz, 1H, Ph), 6.94 (d, J = 8.4 Hz, 1H, Ph), 6.99 (d, J = 8.6 Hz, 2H, Ph), 7.08 (d,
J = 8.4 Hz, 1H, Ph), 7.21 (d, J = 16.2 Hz, 1H, Hα), 7.26 (s, 1H, Ph), 7.74 (d, J = 8.6 Hz, 2H, Ph); 13C
NMR (125 MHz, DMSO-d6): δ 14.3 (CH3CH2), 42.0 (C-4), 55.46 (2C, CH3O-), 55.48 (2C, CH3O-), 59.8
(CH3CH2), 61.8 (C-5), 109.2 (CH-arom), 109.5 (CH-arom), 111.7 (CH-arom), 112.0 (2C, CH-arom), 112.2
(CH-arom), 117.3 (CH-arom), 118.8 (Cα), 120.8 (CH-arom), 129.2 (2C, Cq-arom), 130.6 (2C, CH-arom),
134.0 (Cq-arom), 135.1 (Cβ), 146.9 (Cq-arom), 148.1 (Cq-arom), 149.0 (Cq-arom), 149.1 (Cq-arom),
149.4 (Cq-arom), 151.9 (C-3), 165.6 (-COOEt); HRMS: calcd for C30H33N2O6 (M+ + H) 517.2333; found
517.2328; HPLC: tR = 16.5 min.

3.5. Preparation of DNA Samples

All DNA experiments were performed in phosphate buffer (0.05 M, pH = 7.2) consisting of
Na2HPO4 and KH2PO4. The CT-DNA solution was sufficiently free of protein as evidenced by the
ratio of its UV absorbance at 260 and 280 nm that was approx. 1.9:1 [20]. The DNA concentration
per nucleotide was determined spectrophotometrically by using the molar absorption coefficient of
ε= 6600 M–1·cm–1 per nucleotide at 260 nm. Before each measurement, fresh stock solutions of CT-DNA
and compound 6 (in DMSO at a concentration of 10–3 M) were prepared and the corresponding mixtures
were incubated for 24 h at 25 ◦C to reach the equilibrium state. Each reported measurement value is
the average of three independent experiments.

3.6. Thermal Denaturation Studies

DNA melting temperature measurements were performed using a Varian Cary 300
spectrophotometer (Agilent Technologies, Inc., Santa Clara, CA, USA) equipped with a heating
multiple cell block apparatus. Temperatures were maintained under computer control and were
increased at a 0.5 ◦C/min rate. DNA melting experiments were carried out by monitoring the absorbance
of DNA at 258 nm in the temperature range from 25.0 ◦C to 95.0 ◦C. Solutions were allowed to equilibrate
for 1 min at each temperature. Cuvettes (1.0 cm capped quartz) were mounted in a thermal block
and the solution temperatures were monitored by a thermistor in the reference cuvette. The melting
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temperature (Tm) of DNA was determined as the midpoint of the optically detected transition and the
measurement was repeated three times for each sample. The melting experiments were performed
in phosphate buffer solution (final percentage of DMSO = 2%) by keeping the DNA concentration
constant (5 × 10–5 M) while varying the concentration of compound 6 (0 – 2.5 × 10-5 M) to achieve
ratios R = [compound 6]/[DNA] of 0, 0.01, 0.05, 0.1, 0.33, 0.5.

3.7. Viscosity Studies

Viscosity measurements were carried out using Ostwald’s viscometer (Schott geräte, type 531
01/0a, thermostat Schott geräte GT 1150, meter Schott geräte AVS 300) at 25 ◦C (Schott –Instruments
GmbH, Germany). The viscometer was thermostated at 25.0 ± 0.1 ◦C in a constant temperature bath.
Flow time of solutions was measured with a digital stopwatch and each sample was measured three
times and an average flow time was calculated. The values did not differ by more than 0.2 s from
each other. All solutions were filtered through 0.22 μm filter (Millipore, Billerica, MA) prior to the
measurements. Experiments were carried out in phosphate buffer solution (final percentage of DMSO
= 2%) by keeping the DNA concentration constant (5 × 10–5 M) while varying the concentration of
compound 6 (0–2.5 × 10-5 M) to achieve ratios R = [compound 6]/[DNA] of 0, 0.02, 0.033, 0.05, 0.1, 0.2,
0.5. The intrinsic viscosity [n] was calculated according to the relation [n] = (t - tb)/tb, where tb is the
flow time for the buffer and t is the observed flow time for DNA in the presence or absence of the
compound 6. Data were presented as (n/n0)1/3 versus R where n and n0 are the intrinsic viscosities in
the presence or absence of the compound 6. For the low DNA concentrations used in these experiments,
the intrinsic viscosity [n] is proportional to the difference in the flow time for the buffer with and
without DNA, resulting in the following Equation (1) [31]:

L
L0

=
[n]1/3

[n0]
1/3

=
(t− tb)

1/3

(t0 − tb)
1/3

(1)

where L and L0 are the DNA lengths and [n] and [n0] are the intrinsic viscosities with and without the
compound. The tb, t0 and t are the flow times of the buffer, the plain DNA and the DNA/compound
solution, respectively.

3.8. Cell Culture

Human breast adenocarcinoma MCF-7 cells (American Type Culture Collection, Manassas, VA,
USA), were grown in DMEM growth medium of pH 7.4 supplemented with 10% FBS, 100 U/mL
of penicillin, 2 mM glutamine and 100 μg/mL of streptomycin. Cell cultures were maintained in
flasks and were grown at 37 ◦C in a humidified atmosphere of 5% CO2 in air. Subconfluent cells
were detached using a 0.25% (w/v) trypsin—0.03% (w/v) EDTA solution and the split ratio was
1:3–1:5. Doxorubicin-resistance was established by stepwise exposure of MCF-7 cells to increased
concentrations of DOX ranging between 0.01 and 1 μg/mL. Finally, the MCF-7/DOXR cells were able to
grow continually in medium with 0.1 μg/mL DOX. The stock solutions of compound 6 and DOX at a
concentration of 10 mM dissolved in DMSO were diluted to different concentrations as required.

3.9. In Vitro Cytotoxicity Assay

In vitro cytotoxicity of compound 6, DOX and the combination of them against the MCF-7 and
MCF-7/DOXR cell lines was determined by the MTT colorimetric assay. Cells were seeded in 96-well
plates (104 cells/well) and grown overnight at 37 ◦C in a 5% CO2 incubator. Exponentially growing
cells were incubated for 48 h with various concentrations ranging between 10–3–10–8 M of compound 6

and DOX and the final DMSO concentration never exceeded 0.2%. For the combination experiments,
MCF-7/DOXR cells were pre-incubated for 1 h with compound 6 (10–5 M) and then DOX was added in
various concentrations (10–3–10–8 M) for another 47 h. The medium was then removed and replaced
with 100 μL of MTT solution (Sigma-Aldrich, Darmstadt, Germany, 1 mg mL–1). After a 4 h incubation,
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the solution was aspirated, formazan crystals were solubilized in 100 μL of dimethyl sulfoxide (DMSO)
and absorbance was recorded at 540 nm (Tecan well plate reader, Tecan, Grödig, Austria). The results
were expressed as % cell viability = (mean optical density (OD) of treated cells/mean OD of untreated
cells) × 100. Data were plotted against the corresponding compound concentration in a semi-log chart
and the values of IC50 (the concentration of test compound required to reduce the fraction of live
cells to 50% of the control) were calculated from the dose–response curves using GraphPad Prism 5.0
software (GraphPad Software Inc., CA, USA).

4. Conclusions

(E)-1-(4-Ethoxycarbonylphenyl)-5-(3,4-dimethoxyphenyl)-3-(3,4-dimethoxystyryl)-2-pyrazoline
was successfully synthesized for the first time from the corresponding monocarbonyl acetone-derived
curcuminoid and ethyl hydrazinobenzoate in high yield and purity. The compound exhibited
significant intercalation binding activity with CT-DNA, which renders it a suitable lead compound for
further derivatisation aiming to improve its DNA binding capacity. However, despite its structural
similarity with the corresponding curcumin pyrazoline derivative which has shown MDR reversal
activity no re-sensitisation of DOX-resistant breast cancer was observed and there was no synergistic
activity with DOX against non-resistant cell lines. Further investigation is underway to identify
whether conversion of the pyrazoline to pyrazole moiety may improve the MDR reversal activity of
such monocarbonyl curcumin derivatives.

Supplementary Materials: The following are available online. All the spectroscopic data of the title compound 6

namely 1H and 13C NMR, 1H-1H COSY NMR, HSQC and HMBC NMR, FT-IR, HRMS, UV-Vis spectra, and HPLC
are available online.
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Abstract: The 11a,12-dihydrobenzo[b]benzo[5,6][1,4]oxazino[2,3-e][1,4]oxazine heterocyclic system
has been used in the construction of heteropropellanes, which attracted much attention
not only on the possible modification of drugs, but also for novel materials with
unusual and important physical properties. In this communication, the reaction of ethyl
2-(hydroxyimino)propanoate 1 with disulfur dichloride and o-aminophenol, which gave ethyl
11a,12-dihydrobenzo[b]benzo[5,6][1,4]oxazino[2,3-e][1,4]oxazine-5a(6H)-carboxylate in moderate
yield, was described. The structure of the newly synthesized compound was established by
means of elemental analysis, high resolution mass-spectrometry, 1H, 13C NMR and IR spectroscopy,
mass-spectrometry and X-ray analysis.

Keywords: oxygen-nitrogen heterocycles; 11a,12-dihydrobenzo[b]benzo[5,6][1,4]oxazino[2,3-e]
[1,4]oxazine; disulfur dichloride; o-aminophenol; condensation

1. Introduction

Disulfur dichloride is a well-known and frequently used sulfurating agent [1,2]. Sometimes
it may act as oxidizing agent as well, giving compounds without additional sulfur
atoms [3]. It was discovered that by the reaction of substituted acetoximes, including ethyl
2-(hydroxyimino)propanoate, with S2Cl2 4-substituted 1,2,3-dithiazolium salts are formed, which
by treatment with oxygen, sulfur and nitrogen nucleophiles afforded 1,2,3-dithiazole 5-ones,
5-thiones and 5-phenylimines, respectively [4]. Recently it was found that, when o-aminophenol
was added in the final step, 2-((4-aryl(hetaryl)-5H-1,2,3-dithiazol-5-ylidene)amino)phenols were
isolated, although in low yield [5]. Herein, we report the synthesis of previously unknown
ethyl 11a,12-dihydrobenzo[b]benzo[5,6][1,4]oxazino[2,3-e][1,4]oxazine-5a(6H)-carboxylate, which
unexpectedly formed in the reaction of ethyl 2-(hydroxyimino)propanoate with disulfur dichloride
and o-aminophenol.

2. Results and Discussion

Continuing the study of ethyl 2-(hydroxyimino)propanoate reactivity, it was treated
with S2Cl2, pyridine in MeCN followed by addition of o-aminophenol. Unexpectedly,
a new compound, 1, a yellow solid C17H16N2O4, was being formed instead of the
expected ethyl 5-((2-hydroxyphenyl)imino)-5H-1,2,3-dithiazole-4-carboxylate, 2. According
to NMR, mass and elemental analysis data compound 1 is formally a product in
which two aminophenol molecules are cross-linked by two carbon atoms of ethyl
2-(hydroxyimino)propanoate. Structure 1 was finally proven by X-ray analysis as ethyl
11a,12-dihydrobenzo[b]benzo[5,6][1,4]oxazino[2,3-e][1,4]oxazine-5a(6H)-carboxylate (Scheme 1).

Molbank 2020, 2020, M1149; doi:10.3390/M1149 www.mdpi.com/journal/molbank45
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Scheme 1. Synthesis of ethyl 11a,12-dihydrobenzo[b]benzo[5,6][1,4]oxazino[2,3-e][1,4]oxazine-5a(6H)-
carboxylate 1.

It was assumed that ethyl 2-(hydroxyimino)propanoate may be dezoximated by S2Cl2
to ethyl 2-oxopropanoate and then reacted with sulfur containing species, such as S2Cl2 or
S8, formed in this reaction, and o-aminophenol to give benzoxazinobenzoxazine 1. Similar
transformation was described for 1,2-diphenylethan-1-one oxime (PhCH2C(O)Ph) with the
formation of 5a,11a-diphenyl-5a,6,11a,12-tetrahydrobenzo[b]benzo[5,6][1,4]oxazino[2,3-e][1,4]oxazine
3 (Scheme 2) [6].

Scheme 2. Synthesis of 5a,11a-diphenyl-5a,6,11a,12-tetrahydrobenzo[b]benzo[5,6][1,4]oxazino-
[2,3-e][1,4]oxazine 3 from 1,2-diphenylethan-1-one oxime.

We checked this possibility and found that ethyl 2-oxopropanoate did not react with S2Cl2 and
o-aminophenol. Therefore, the role of ethyl 2-(hydroxyimino)propanoate is crucial for the formation
of oxazinooxazine 1, and it is necessary to find another mechanistic explanation for this reaction. So,
the mechanism of this transformation is still unclear and requires further investigation.

The structure of oxazinooxazine 1 was confirmed by means of elemental analysis, high resolution
mass-spectrometry, 1H, 13C NMR and IR spectroscopy, mass-spectrometry and X-ray analysis (Figure 1)
(see Supplementary Materials).

In conclusion, the synthesis of previously unknown ethyl
11a,12-dihydrobenzo[b]benzo[5,6][1,4]oxazino[2,3-e][1,4]oxazine-5a(6H)-carboxylate 1 from ethyl
2-(hydroxyimino)propanoate and disulfur dichloride was developed. The described experimental
procedure may serve as an efficient basis for the synthesis of other fused oxazinooxazines. Fused
with benzene rings, oxazinooxazines are important heterocyclic scaffold in the construction of
heteropropellanes: structurally interesting propeller-like molecules with application in material
sciences and medicinal chemistry [7].
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Figure 1. X-ray structure of ethyl 11a,12-dihydrobenzo[b]benzo[5,6][1,4]oxazino-[2,3-e][1,4]oxazine-
5a(6H)-carboxylate 1. Thermal ellipsoids are at 50% probability.

3. Experimental Section

3.1. General Information

The solvents and reagents were purchased from commercial sources and used as received.
Elemental analysis was performed on a 2400 Elemental Analyzer (Perkin Elmer Inc., Waltham, MA,
USA). Melting point was determined on a Kofler hot-stage apparatus and is uncorrected. 1H were taken
with a Bruker AM-300 machine (Bruker AXS Handheld Inc., Kennewick, WA, USA) (at frequencies
of 300.1) and 13C NMR spectra were taken with a Bruker DRX-500 machine (Bruker AXS Handheld
Inc., Kennewick, WA, USA) (125.8 MHz) in DMSO-d6 solution, with TMS as the standard. J values
are given in Hz. MS spectrum (EI, 70 eV) was obtained with a Finnigan MAT INCOS 50 instrument
(Hazlet, NJ, USA). IR spectrum was measured with a Bruker “Alpha-T” instrument in KBr pellet.
High-resolution MS spectrum was measured on a Bruker micrOTOF II instrument (Bruker Daltonik
Gmbh, Bremen, Germany) using electrospray ionization (ESI). The measurement was performed in
a positive ion mode (interface capillary voltage: 4500 V) or in a negative ion mode (3200 V); mass
range was from m/z 50 to m/z 3000 Da; external or internal calibration was performed with Electrospray
Calibrant Solution (Fluka). Syringe injection was used for solutions in acetonitrile, methanol, or water
(flow rate 3 L/min–1). Nitrogen was applied as a dry gas; interface temperature was set at 180 ◦C.

Crystal structure determination was performed in the Department of Structural Studies of Zelinsky
Institute of Organic Chemistry, Moscow. X-ray diffraction data were collected at 100 K on a Bruker
Quest D8 diffractometer (Bruker Corporation, Germany) equipped with a Photon-III area-detector
(graphite monochromator, shutterless ϕ- and ω-scan technique), using Mo Kα-radiation (0.71073 Å).
The intensity data were integrated by the SAINT program and were corrected for absorption and decay
using SADABS [8]. The structure was solved by direct methods using SHELXS-2013 and refined on F2

using SHELXL-2018. All non-hydrogen atoms were refined with individual anisotropic displacement
parameters. The positions of all hydrogen atoms were found from the electron density-difference
map; these atoms were refined with individual isotropic displacement parameters. Cambridge
Crystallographic Data Centre contains the supplementary crystallographic data for this paper No.
CCDC 2012896. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033;
E-mail: deposit@ccdc.cam.ac.uk).
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3.2. Synthesis of Ethyl 11a,12-Dihydrobenzo[b]benzo[5,6][1,4]oxazino[2,3-e][1,4]oxazine-5a(6H)-carboxylate 1

Pyridine (0.24 mL, 3 mmol) was added dropwise at 0–5 ◦C to a stirred solution of ethyl
2-(hydroxyimino)propanoate (1 mmol) and sulfur monochloride (0.16 mL, 2 mmol) in acetonitrile
(10 mL) under inert atmosphere of argon. The mixture was stirred at 0 ◦C for 15–40 min. Then
o-aminophenol (109 mg, 1 mmol) was added, the mixture was stirred at 0 ◦C for 30 min, and followed
by addition of pyridine (0.16 mL, 2 mmol). The reaction mixture was stirred at room temperature for
2 h; filtered and solvents were evaporated. The residue was separated by column chromatography
(Silica gel Merck 60, light petroleum and then light petroleum–CH2Cl2 mixtures). Yield 32 mg (11.2%),
white crystals, mp 189–191 ◦C. Rf = 0.56 (CH2Cl2). IR (KBr), ν, cm−1: 3405 (N-H), 3360 (N-H), 3058,
2968, 2929, 2861, 1892, 1743, 1601, 1500, 1431, 1305, 1285, 1261, 1228, 1146, 1113, 1051, 998, 967, 931, 884,
832, 782, 750, 703, 611, 578, 537, 507, 460. 1H NMR (ppm, J/Hz): δ 6.94–6.75 (m, 8H, Ar), 5.51 (br s, 1H),
5.12 (d, 2H, NH, J = 9.17), 4.30–4.23 (m, 2H, CH2), 1.27 (t, 3H, CH3, J = 7.15). 13C NMR (ppm): δ 166.8,
141.9, 141.4, 128.7, 128.2, 122.6, 122.5, 121.3, 121.1, 117.2, 116.9, 115.6, 115.4, 110.4, 76.5, 63.0, 14.0. MS
(EI, 70 Ev), m/z (I, %): 312 (M+, 100), 286 (10), 239 (24), 214 (13), 205 (76), 191 (11), 168 (20), 159 (11), 144
(12), 131 (19), 120 (61), 97 (9). HRMS (ESI-TOF): calcd for C17H16N2O4 [M +H]+ 313.1183; found m/z
313.1186. Anal. calcd. for C17H16N2O4: C, 65.38; H, 5.16; N, 8.97; found: C, 65.24; H, 5.02; N, 9.16%.

Crystallographic data are given in Table 1.

Table 1. Crystal data and structure refinement for compound 1.

Empirical Formula C17H16N2O4

Formula weight 312.32
Temperature 100(2) K
Wavelength 0.71073 Å

Crystal system Orthorhombic
Space group P212121

Unit cell dimensions
a = 5.5972(2) Å

b = 15.0183(6) Å
c = 16.7717(6) Å

Volume 1409.84(9) Å3

Z 4
Density (calculated) 1.471 g/cm3

Absorption coefficient 0.106 mm−1

F(000) 656
Crystal size 0.59 × 0.10 × 0.09 mm3

Theta range for data collection 2.712 to 33.155◦
Reflections collected 34967

Independent reflections 5372 [R(int) = 0.0477]
Completeness to theta = 25.242◦ 99.8%

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.8499 and 0.8299

Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 5372/0/272
Goodness-of-fit on F2 1.040

Final R indices [I > 2sigma(I)] R1 = 0.0345, wR2 = 0.0855
R indices (all data) R1 = 0.0423, wR2 = 0.0914

Absolute structure parameter −0.2(3)
Largest diff. peak and hole 0.384 and −0.201 e·Å−3

Supplementary Materials: The following are available online. CIF file, copies of 1H, 13C NMR, IR and mass-spectra
for the compound 1.

Author Contributions: M.A.T. and V.V.P. synthetic experiments; L.S.K. analysis of experimental results and NMR
data, O.A.R. writing the paper, supervision and project administration. All authors have read and agreed to the
published version of the manuscript.
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Abstract: Treatment of a N-2-pyridyl-β-ketoamide precursor with bromine afforded the first example
of the 3-aryl(α-hydroxy)methylenelimidazo[1,2-a]pyridin-2(3H)-one framework. This transformation
proceeded through a domino process comprising an initial bromination, cyclization via an intramolec-
ular SN reaction, and a final keto-enol tautomerism, and allows generation of the fused heterocyclic
system and installation of the acyl substituent in a single operation.

Keywords: nitrogen heterocycles; domino reactions; bromination; intramolecular SN displacement

1. Introduction

Fused heterocyclic compounds bearing bridgehead nitrogen atoms are very relevant
in the construction of diversity-oriented libraries. Imidazo[1,2-a]pyridine is one of these
frameworks, and has shown great promise in the treatment of cancer due to the ability
of many of its derivatives to inhibit a variety of kinases [1,2]. Moreover, several drugs
currently in the market contain an imidazo[1,2-a]pyridine core, including the hypnotic
zolpidem [3], the anxyolitic alpidem [4], the gastroprotective drug zolimidine [5], and
the cardiotonic olprinone [6] (Figure 1). The importance of this ring system has led to
much interest in its synthesis [7] and functionalization [8]. Imidazo[1,2-a]pyridin-2(3H)-
one, one of its derivatives, is less well-known but has nevertheless shown some relevant
pharmacological activities [9].

 
Figure 1. Structures of imidazo[1,2-a]pyridine, imidazo[1,2-a]pyridin-2(3H)-one and some relevant
imidazo[1,2-a]pyridines.

In spite of the potential importance of the imidazo[1,2-a]pyridin-2(3H)-one framework,
some of its derivatives have not been accessible to date. In particular, 3-acyl derivatives
have been prepared only in one occasion, by acylation of an imidazo[1,2-a]pyridin-1-ium
substrate (Scheme 1) [10]. This method yields compounds in mesoionic form, which was

Molbank 2021, 2021, M1212. https://doi.org/10.3390/M1212 https://www.mdpi.com/journal/molbank
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suitable for the purpose of the researchers, who aimed at the discovery of mesoionic
nicotinic acetylcholine antagonists acting as insecticides [11], but it lacks generality.

 

Scheme 1. Precedent for the synthesis of mesoionic 3-acyl-imidazo[3,2-a]pyridinium derivatives.

In this context, we describe here the synthesis of a representative of the 3-acylimidazo-
[1,2-a]pyridin-2(3H)-one class of compounds from very simple starting materials and
catalysts, using as the key step a domino reaction that generates the fused heterocyclic
system and installs the acyl substituent in a single operation.

2. Results and Discussion

The synthesis of our target compound 5 is summarized in Scheme 2. The starting ma-
terial 1, a derivative of ethyl 3-oxo-3-phenylpropanoate, was treated with 2-aminopyridine
in refluxing toluene containing acetic acid as catalyst to yield the β-ketoamide 3. Its halo-
genation with bromine in dichloromethane afforded 5 via a domino sequence of reactions
that comprised the initial halogenation of 3 at its central carbon, followed by cyclization by
intramolecular SN2 displacement of bromide anion and a final keto-enol tautomerism.

 

Scheme 2. Synthesis of compound 5.

The enol structure of the imidazo[1,2-a]pyridin-2(3H)-one derivative 5 was established
by the absence of signals ascribable to a proton neighboring two carbonyls or its corre-
sponding carbon and also to a ketone carbonyl, all of which would be expected from a
dicarbonyl structure. On the other hand, an enol proton was observed at 12.28 ppm, and
the presence of quaternary carbons at 104.7 (C-3) and 175.3 ppm (C-α), which showed a
correlation with H-6′ in the HMBC experiment, also support the enol tautomeric form. The
alternative lactim tautomer was discarded because of the absence of a ketone carbonyl
at ca. 190 ppm. The presence of a doublet at ca. 9.9 ppm with coupling constant 7 Hz,
assigned to H-5, can be ascribed to the influence of the diamagnetic anisotropy cone of
the arylmethylene substituent on the H-5 proton, and confirms the (E) configuration of
the double bond. The assignment of the 1H- and 13C-NMR data was aided by the 19F-13C
couplings, which allowed the unequivocal identification of the fluorophenyl ring carbons
and also of the corresponding protons via H-C correlation 2D-NMR experiments (Supple-
mentary Materials). Because H-5 had been assigned as described above, 2D-NMR data
also enabled identification of the signals due to the H and C atoms at the 5, 6, 7, 8, and 8a
positions. Copies of NMR spectra can be found in the Supporting Information.
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3. Materials and Methods

General experimental information. All reagents (Sigma-Aldrich, Madrid, Spain; Fis-
cher Chemical, Madrid, Spain; Alpha Aesar, Kändel, Germany) and solvents (Scharlau,
Barcelona, Spain; Fischer Chemical, Madrid, Spain) were of commercial quality and were
used as received. Reactions were monitored by thin layer chromatography on aluminum
plates coated with silica gel and fluorescent indicator (Merck, Madrid, Spain) acherey-Nagel
Xtra SIL G/UV254. Melting points were determined using a Stuart Scientific apparatus,
SMP3 Model, and are uncorrected. Infrared spectra were recorded with an Agilent Cary630
FTIR spectrophotometer (Madrid, Spain) working by attenuated total reflection (ATR), with
a diamond accessory for solid and liquid samples. NMR spectroscopic data were recorded
using a Bruker Avance 250 spectrometer (Rivas-Vaciamadrid, Spain) operating at 250 MHz
for 1H-NMR and 63 MHz for 13C-NMR maintained by the NMR facility of Universidad
Complutense (CAI de Resonancia Magnética Nuclear, Madrid, Spain); chemical shifts
are given in ppm and coupling constants in Hertz. 1H- and 13C-NMR assignments were
supported by 2D-NMR experiments and are in agreement with simulations performed
with MestreNova and ChemDraw Pro. Elemental analyses were determined by the micro-
analysis facility of Universidad Complutense (CAI de Microanálisis Elemental, Madrid,
Spain), using a Leco 932 combustion microanalyzer.

3-(2-Fluorophenyl)-3-oxo-N-(pyridin-2-yl)propanamide (3). A solution of ethyl 3-(2-
fluorophenyl)-3-oxopropanoate (631 mg, 3.0 mmol), 2-aminopyridine (310 mg, 3.3 mmol),
and glacial acetic acid (0.3 mL) in toluene (7.5 mL) was heated under reflux with a Dean-
Stark trap for 12 h. After completion of the reaction (checked by TLC), the solvent was
evaporated under reduced pressure and the crude residue was purified by crystallization
from ethyl ether giving 3 as a yellow solid (745 mg, 96%) comprised of a mixture of
the β-ketoamide and its tautomeric enol form in a ratio of 1.4:1. MP: 142 ◦C. 1H-NMR
(250 MHz, DMSO-d6) δ 14.39 (s, 1H, enol), 10.88 (s, 1H, enol), 10.71 (s, 1H, β-ketoamide),
8.38–8.28 (m, 1H, enol + β-ketoamide), 8.14–8.02 (m, 1H, enol + β-ketoamide), 7.93–7.50
(m, 3H, enol + β-ketoamide), 7.44–7.29 (m, 2H, enol + β-ketoamide), 7.12 (m, 1H, enol
+ β-ketoamide), 6.27 (s, 1H, enol), 4.16 (s, 2H, β-ketoamide) ppm. 13C-NMR (63 MHz,
DMSO- d6) δ 192.13 (Cq), 192.08 (Cq), 171.29 (Cq), 166.18 (Cq), 164.93 (Cq), 163.30 (Cq),
161.91 (Cq), 159.25 (Cq), 157.89 (Cq), 151.87 (Cq), 151.52 (Cq), 148.21 (CH), 148.05 (CH),
138.30 (CH), 135.66 (CH), 135.51 (CH), 132.87 (CH), 132.73 (CH), 130.48 (CH), 130.45 (CH),
128.83 (CH), 128.80 (CH), 124.95 (CH), 124.90 (CH), 124.85 (CH), 124.69 (Cq), 121.79 (Cq),
121.63 (Cq), 119.74 (CH), 119.56 (CH), 117.15 (CH), 116.83 (CH), 116.79 (CH), 116.47 (CH),
114.24 (CH), 113.37 (CH), 95.05 (CH), 94.84 (CH), 51.78 (CH2), 51.68 (CH2). ESI-MS: [M]+

258. IR (neat, cm−1): 3184, 2986, 1629, 16191579, 1536, 1438, 1400, 1307, 1297, 1195, 775.
Elemental analysis calcd (%) for C14H11FN2O2: C, 65.11; H, 4.29; N, 10.85; found: C, 65.41;
H, 4.52; N, 11.02.

(E)-3-((2-Fluorophenyl)(hydroxy)methylene)imidazo[1,2-a]pyridin-2(3H)-one (5).
To a solution of compound 3 (258 mg, 1.0 mmol) in CH2Cl2 (5 mL) was added drop-
wise a solution of Br2 (160 mg, 1.0 mmol) in CH2Cl2 (3 mL) at 0 ◦C. The reaction mixture
was warmed to room temperature and stirred further for an additional 90 min. Then the
mixture was washed with a saturated solution of NaHCO3 and the organic layer was
evaporated under reduced pressure giving a solid crude that was recrystallized from Et2O
to give compound 5 as a pale yellow solid (231 mg; 91%). MP: 167–168 ◦C. 1H-NMR
(250 MHz, DMSO-d6) δ 12.28 (s, 1H, OH), 9.92 (d, J = 7.0 Hz, 1H, H-5), 7.79 (t, J = 8.0 Hz,
1H, H-7), 7.49–7.28 (m, 4H, H-6,8,4′,6′), 7.25–7.10 (m, 2H, H-3´,5) ppm. 13C NMR (63 MHz,
DMSO-d6) δ 175.35 (Cq, C-α), 159.10 (d, J = 246.0 Hz, Cq, C-2′), 158.92 (Cq, C-3), 137.75
(Cq, C-9), 134.11 (CH, C-7), 130.90 (d, J = 8.2 Hz, CH, C-4′), 129.70 (d, J = 4.0 Hz, CH, C-6′),
129.26 (d, J = 17.1 Hz, Cq, C-1′), 129.05 (CH, C-7), 124.01 (d, J = 3.2 Hz, CH, C-5′), 116.41
(CH, C-6), 115.33 (d, J = 21.9 Hz, CH, C-3′), 108.21 (CH, C-8), 104.73 (Cq, C-3) ppm. ESI-MS:
[M]+ 256. IR (neat, cm-1): 3015, 2969, 2841, 1699, 1686, 1610, 1569, 1438, 1307, 1257, 1212,
1139, 752. Elemental analysis calcd (%) for: C14H9FN2O2: C, 65.62; H, 3.54; N, 10.93; found:
C, 65.81; H, 3.82; N, 11.20.
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4. Conclusions

A N-2-pyridyl-β-ketoamide was shown to be a suitable precursor to the hitherto
unknown 3-arylmethyleneimidazo[1,2-a]pyridin-2(3H)-one framework via a domino pro-
cess comprising bromination, intramolecular nucleophilic substitution, and keto-enol
tautomerism stages.

Supplementary Materials: The following are available online: copies of spectra of compounds 3 and
5, including 2D-NMR correlation experiments.
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Abstract: A simple, fast and cost-effective three-step synthesis of 1-methyl-8-phenyl-1,3-diazaspiro[4.5]
decane-2,4-dione has been developed. The reactions described herein proceed readily, with high
yields and no further purification. Therefore, the proposed method, with an overall yield of 60%,
offers a facile pathway to the synthesis of N-1 monosubstituted spiro carbocyclic imidazolidine-2,4-
diones (hydantoins), which constitute a privileged class of heterocyclic scaffolds with pharmacologi-
cal interest.

Keywords: carbocyclic hydantoins; N-1 substituted hydantoin; spiro hydantoins; imidazolidine-2,4-
diones; DFT calculations; stereochemistry; NMR; HRMS; GIAO; ring closing

1. Introduction

Hydantoins, or imidazolidine-2,4-diones, is a class of compounds first isolated as a
product from allantoin hydrogenolysis in 1861 from the Nobel laureate Adolph von Baeyer.
Since then, hydantoin derivatives have become increasingly important, with various ap-
plications across chemical and pharmaceutical industries. Although, the hydantoin ring
itself possesses no biological activity, 5- and especially 5,5-substituted derivatives have
a documented, wide range of therapeutic applications [1]. The most noticeable drugs
in this class of compounds showcase anticonvulsant [2], antidiabetic [3], anticancer [4],
antiarrhythmic [5] and anti-inflammatory [6] activity. For example, Figure 1 depicts three
well-known hydantoins with medicinal applications. Phenytoin exhibits a regulatory effect
on the central nervous system (CNS) and has been applied successfully to ameliorating
epilepsy symptoms for more than 70 years now and as a treatment of neuropathic pain [7].
More recently, Dantrolene (Figure 1), has been used in the clinical treatment of malignant
hyperthermia through the inhibition of abnormal Ca2+ release at the sarcoplasmic reticu-
lum and physiological Ca2+ release from skeletal muscles [8], whilst another compound
known as BIRT377 (Figure 1) demonstrates potent anti-inflammatory activity as an antago-
nist of lymphocyte function-associated antigen-1 (LFA-1) [9]. Therefore, hydantoins are
catching the attention of both the medicinal and organic chemistry spectrums based on
their facilitated, privileged pharmacological profile [10].

Our medicinal chemistry lab has an active research interest in the development of
such molecules incorporating bulky lipophilic carbocyclic rings into the spiro hydantoin
core structure. These specific analogs are highly functionalized ‘building blocks’, with
significant antiviral and trypanocidal activity, suitable for further synthetic transforma-
tions [11].

The introduction of substituents at the N-3 position of the hydantoin ring may be
accomplished easily using alkyl halides in an alkaline solution. However, the synthesis of
N-1 monosubstituted hydantoins cannot be achieved through direct alkylation unless the
N-3 nitrogen is protected. The specified reactivity is explained due to the more activated N-
3 position with the two neighboring activating carbonyl groups. In this paper, we report a
simple, fast and effective 3-steps synthesis of 1-methyl-8-phenyl-1,3-diazaspiro[4.5]decane-
2,4-dione (4). This synthetic route affords pure products in very good yields (overall yield
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of 60%) that can be used without further purifications. Therefore, the proposed facile and
cost-effective method can be generally applied for the synthesis of N-1 monosubstituted
spiro carbocyclic hydantoins that are building blocks of high interest to medicinal chemists.

Figure 1. Chemical structures of hydantoin-containing compounds with important biological activity.

2. Results

The target compound (4), is obtained by following the synthetic procedure shown
in Scheme 1. The key intermediate α-amino nitrile hydrochloride (2) was obtained by
a Strecker reaction of the bulky commercially available 4-phenylcyclohexan-1-one with
NaCN and methylamine hydrochloride in a mixture of DMSO/H2O. After workup, the
resulting dry Et2O solution of the free amino nitrile was treated with saturated ethanolic
hydrochloric acid solution under ice cooling. 1-(Methylamino)-4-phenylcyclohexane-1-
carbonitrile hydrochloride (2) was then treated with potassium cyanate (KOCN) in the
presence of acetic acid and water to yield the corresponding ureido derivative (3). Cycliza-
tion of the latter with sodium hydride (60% NaH in mineral oil) in dry DMF and subsequent
acid hydrolysis led to the target 1-methyl-8-phenyl-1,3-diazaspiro[4.5]decane-2,4-dione (4).

 
Scheme 1. The proposed facile and cost-effective method applied for the synthesis of N-1 monosubstituted spiro
carbocyclic hydantoins.

For the target compound (4), a structure optimization step took place in order to
determine its energy minima conformation. Starting from the selection of the cyclohexane,
two more stable conformations (i.e., chair and twisted boat) [12], we drew the possible four
more favorable structures that underwent the ab initio calculation (Figure 2). Although
the twisted boat conformation of cyclohexane bears a 23.01 kJ/mol higher energy, it
was nonetheless included in our experiments. Additionally, in all of the structures, the
phenyl ring always occupies always the equatorial position since the axial position would
introduce additional hindering effects on the respective conformations, resulting in even
higher energies. Based on our calculations (Table 1), the energy minima for compound (4)
resulted in being the conformation B (0 kJ/mol), while on ascending order the rest follow
with the second being conformation A (9.43 kJ/mol), third being conformation C (26.08
kJ/mol) and fourth being conformation D (30.83 kJ/mol). Additional information upon
all minimized conformers regarding bond lengths, angles and dihedrals can be found on
Supplementary Tables S1–S4.
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Figure 2. Chemical structure representation of compound (4) conformations (A–D).

Table 1. DFT summary of the calculated 4 conformations A–D.

Compound Conformation A Conformation B Conformation C Conformation D

4

A B

C D

A B

C D

A B

C D

A B

C D

Charge 0 0 0 0

Spin Singlet Singlet Singlet Singlet

Solvation None None None None

E(RB3LYP) -842.498395
Hartree

-842.501986
Hartree

-842.492052
Hartree -842.490242 Hartree

RMS Gradient
Norm - - - -

Imaginary Freq - - - -

Dipole Moment 3.364844 3.032529 Debye 3.042446 Debye 3.364416 Debye

Point Group C1 C1 C1 C1

Based on the NMR of compound (4), provided on the supporting information, stere-
ochemistry as determined from the data for the 3D structure with HMBC and NOESY
(Figure 3a), correlations verify that the experimentally obtained structure matches the
calculated energy minima conformation B. On the contrary Gauge-Independent Atomic
Orbital (GIAO), theoretical calculations predicted similar signals for conformations A–D

(Figure 3b) when referred to the hydantoin and the phenyl rings, respectively. For the
cyclohexane ring conformations, A and B represent a more relatively true estimation, with
two signals for carbons C7,9 and C6,10.
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Figure 3. (a) Representation of experimental NMR data for (4) with HMBC correlations illustrated as blue two-way bent
arrows and NOESY illustrated as red two-way bent arrows. (b) GIAO predicted 13C NMR chemical shifts of all conformers
with black writing and experimental shifts for the assigned conformer B in a blue color.

3. Materials and Methods

3.1. Chemistry

Materials, apparatuses and techniques for the experimental part are as follows.
Melting points were determined using a Büchi capillary apparatus and are uncorrected.
NMR experiments were performed to elucidate the structure and determine the purity
of the newly synthesized compounds. 1H NMR and 2D NMR spectra (COSY, HSQC-
DEPT, HMBC) were recorded on a Bruker Ultrashield™ Plus Avance III 600 spectrometer
(150.9 MHz, 13C NMR). Chemical shifts δ (delta) are reported in parts per million (ppm)
downfield from the NMR solvent, with the tetramethylsilane or solvent (DMSO-d6) as
internal standard. Data processing including Fourier transformation, baseline correction,
phasing, peak peaking and integrations were performed using MestReNova software
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v.12.0.0. Splitting patterns are designated as follows: s, singlet; d, doublet; t, triplet; dd,
doublet of doublets; td, triplet of doublets; m, multiplet; complex m, complex multiplet.
Coupling constants (J) are expressed in units of Hertz (Hz). The spectra were recorded
at 293 K (20 ◦C) unless otherwise specified. The solvent used to obtain the spectra was
deuterated DMSO, DMSO-d6 (quin, 2.50 ppm, 1H NMR; septet, 39.52 ppm, 13C NMR).
IR spectra were recorded on a Perkin Elmer Spectrum BX FT-IR FTIR Spectrophotome-
ter. Analytical thin-layer chromatography (TLC) was used to monitor the progress of
the reactions, as well as to authenticate the compounds. TLCs were conducted on and
precoated with normal-phase silica gel, aluminum sheets (Silica gel 60 F254, Merck) (layer
thickness 0.2 mm), precoated with reverse-phase silica gel, aluminum sheets (Silica gel
60 RP-18 F254s, Merck) and precoated aluminum oxide plates (TLC Aluminium oxide 60
F254, neutral). Developed plates were examined under a UV light source, at wavelengths
of 254 nm or after being stained by iodine vapors. The Retention factor (Rf) of the newly
synthesized compounds, which equals to the distance migrated over the total distance
covered by the solvent, was also measured on the chromatoplates. Elemental analyses
(C, H, N) were performed by the Service Central de Microanalyse at CNRS (Paris, France),
and were within ±0.4% of the theoretical values. Elemental analysis results for the tested
compounds correspond to >95% purity. The HRMS spectra were acquired in the negative
ionization mode, employing a QTOF-MS (Maxis Impact, Bruker Daltonics, Bremen, Ger-
many) using a resolving power of 40,000. The commercial reagents were purchased from
Alfa Aesar, Sigma-Aldrich and Merck, and were used without further purification. Solvent
abbreviations: ACN, acetonitrile; AcOEt, ethyl acetate; Et2O, diethyl ether; EtOH, ethanol;
MeOH, methanol.

3.2. Computational

Density Functional Theory (DFT) calculations are as follows. All in silico calculations
were carried out on a typical desktop PC running a Windows 10 64-bit operating system
(Intel i7 3.4 GHz CPU processors, RAM 32 GB), in gas phase unless otherwise specified,
using the G09W [13] software package. The hybrid DFT method with Becke’s [14] three-
parameter functional and the nonlocal correlation provided by the Lee, Yang and Parr
expression (B3LYP) [15] was used for optimization, employing the 6−31+G(d,p) basis
set [16,17]. Single-point calculations of all structures were also carried out using the
same basis set [16,17], following the optimized-geometries step. NMR shielding tensors
computed with the GIAO method [18–22] on default parameters for degeneracy tolerance
(0.05) in DMSO solvent, including spin–spin coupling constants [23–27].

3.3. Synthesis

1-(Methylamino)-4-phenylcyclohexane-1-carbonitrile hydrochloride (2): To a stirred suspen-
sion of sodium cyanide (843 mg, 17.2 mmol) and methylamine hydrochloride (1.16 g,
17.2 mmol) in 12 mL of DMSO/H2O 9:1 (v/v), a solution of 4-phenylcyclohexanone
(3.0 g, 17.2 mmol) in DMSO (24 mL) was added in one portion. The reaction mixture was
stirred for 46 h at rt, poured into 130 mL of ice–water mixture and extracted with AcOEt
(3 × 60 mL). The combined organic phases were washed with brine (2 × 60 mL), dried with
anh. Na2SO4 and the solvent was evaporated under reduced pressure. The residue was
dissolved in Et2O (80 mL) and treated dropwise with an ethanolic solution saturated with
gaseous hydrochloric acid to pH ~2 under ice bath. The precipitate formed was filtered off
in vacuo, washed with small portions of dry Et2O and dried over P2O5 to afford the title
compound 2 as a white crystalline solid (3.55 g, 80%). This intermediate was used for the
next reaction without further purification.

1-(1-Cyano-4-phenylcyclohexyl)-1-methylurea (3): To a stirred solution of the carbonitrile
2 (3.1 g, 12.4 mmol) in 20 mL acetic acid, a solution of potassium cyanate (2.01 g, 24.8 mmol)
in 3 mL H2O was added. After stirring for 1 h at 35 ◦C, the reaction mixture was poured
into 70 mL H2O and extracted with CHCl3 (3 × 50 mL). The combined organic layers were
washed with H2O (3 × 50 mL) and brine (2 × 50 mL), dried with anh. Na2SO4 and the
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solvents were evaporated to dryness under reduced pressure to afford the title compound
3 as a white solid (2.97 g, 93%). This intermediate was used for the next reaction without
further purification.

1-Methyl-8-phenyl-1,3-diazaspiro[4.5]decane-2,4-dione (4): A stirred solution of 3 (2.9 g,
11.3 mmol) in 40 mL dry DMF was cooled in an ice bath and sodium hydride (353 mg,
14.7 mmol, 60% dispersion in mineral oil) was added portion-wise. After 4 d of stirring at
45 ◦C under Argon, the mixture was treated with a solution of HCl 10% (96 mL) and stirring
was continued for 24 h at 45 ◦C. After this time, the reaction mixture was poured into
400 mL of ice–water mixture and extracted with CHCl3 (4 × 200 mL). The combined organic
extracts were washed with H2O (3 × 250 mL) and brine (2 × 250 mL), dried with anh.
Na2SO4 and the solvent was evaporated in vacuo. The remaining solid was treated with
Et2O and n-pentane to give the desired compound 4 as a pale yellow crystalline product.
(2.44 g, 79%); Rf = 0.34 (CH2Cl2/AcOEt 5:1); mp 211–214 ◦C (AcOEt/dry Et2O-n-pentane).

1H NMR (600 MHz, DMSO-d6) δ 1.70-1.75 (m, 4H, H6, H7, H9, H10), 1.93 (td, 2H,
J = 12.8, 4.3 Hz, H6, H10), 2.18 (qd, 2H, J = 13.1, 3.9 Hz, H7, H9), 2.57 (tt, 1H, J = 12.5, 3.5 Hz,
H8), 2.73 (s, 3H, CH3), 7.19 (m, 1H, H4’), 7.24 (m, 2H, H2’, H6’), 7.30 (t, 2H, J = 7.6 Hz, H3’,
H5’), 10.73 (s, 1H, H3) ppm.

13C NMR (150 MHz, DMSO-d6) δ 23.1 (CH3), 28.5 (C7, C9), 30.1 (C6, C10), 41.5
(C8), 61.6 (C5), 126.0 (C4’), 126.6 (C2’, C6’), 128.3 (C3’, C5’), 146.4 (C1’), 155.1 (C2=O),
177.3 (C4=O) ppm.

IR (mull) ν 3143.9 (>N-H)amide, 2923.6 (C-H)sp
2, 2856.1 (C-H)sp

3, 2723.2 (C-H)sp
3,

1764.6 (C=O)amide, 1707.5 (C=O)amide, 1459.5 (C=C)Ar, 1406.5 (C=C)Ar, 1376.8 (C-H)methyl,
1141.0 (C-N)methyl, 1118.9 (C-N)spiro, 1067.3 (>CH2) cm−1.

Anal. Calcd for C15H18N2O2: C, 69.74; H, 7.02; N, 10.84. Found: C, 69.90; H, 7.30; N,
10.50. HRMS m/z calc. for C15H18N2O2 [M − H]+ 257.1285, obtained 257.1287.

4. Conclusions

1-Methyl-8-phenyl-1,3-diazaspiro[4.5]decane-2,4-dione (4) was obtained through a
facile and cost-effective method that offers a general route for the synthesis of N-1 mono-
substituted spiro carbocyclic hydantoins, which are heterocyclic scaffolds of great interest
to the pharmaceutical industry. The reactions were executed under mild (rt to 45 ◦C) and
sustainable (intermediates can be used without further purifications) conditions. The struc-
ture of compound (4) was determined using 1H NMR, 13C NMR, HSQC, HMBC, elemental
analysis, FT-IR and HRMS, while stereochemistry was elucidated from the data for the 3D
structure obtained by HMBC, NOESY and DFT energy minima/GIAO calculations.

Supplementary Materials: The following are available online, NMR spectra of (4) in DMSO-d6 (600
MHz) (1H, 13C, COSY, HSQC-DEPT, HMBC, NOESY) p. S3, NMR spectra of (4) in CDCl3 (400 MHz)
(1H, 13C, COSY, HSQC-DEPT, HMBC) p.S9, HRMS Spectra of (4), p. S14, FT-IR Spectra of (4), p. S16,
Table S1: Conformation A properties p. S17, Table S2: Conformation B properties p. S20, Table S3:
Conformation C properties p. S23, Table S4: Conformation D properties p. S26.
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Abstract: The new 4-amino-2-(p-tolyl)-7H-chromeno[5,6-d]oxazol-7-one was successfully prepared
through the Au/TiO2-catalyzed NaBH4 activation and chemoselective reduction of the new 4-nitro-
2-(p-tolyl)-7H-chromeno[5,6-d]oxazol-7-one. The latter was synthesized by the one-pot tandem
reactions of 6-hydroxy-5,7-dinitrocoumarin with p-tolylmethanol under Au/TiO2 catalysis. The
dinitrocoumarin was obtained by the nitration of 6-hydroxycoumarin with cerium ammonium
nitrate (CAN). The structure of the synthesized compounds was confirmed by FT-IR, HR-MS, 1H-
NMR and 13C-NMR analysis. Preliminary biological tests show low anti-lipid peroxidation activity
for the title compound.

Keywords: Au-nanoparticles; NaBH4; amino-substituted fused oxazolocoumarin; fused oxazolo-
coumarins; chemoselective reduction; o-hydroxynitrocoumarins

1. Introduction

Coumarin derivatives are widely distributed in nature, presenting interesting bio-
logical properties such as anticoagulant, anti-inflammatory, antivirus, anticancer, antiox-
idant or antidiabetic [1–7]. Fused coumarins also exhibit biological activity. Especially,
fused oxazolocoumarins have been tested for their antioxidant [8], antimicrobial [9], anti-
inflammatory [10], photosensitizing [11] or photoreleasing of aminolevulinic acid [12]
activities. There are several methodologies for the synthesis of fused oxazolocoumarins.
The condensation of o-aminohydroxycoumarins with aldehydes [9,13–15], acids [14], an-
hydrides [13,15]; or of o-amidohydroxycoumarins with anhydrides [16], POCl3 [17] or
P2O5 [18] led to those products. Furthermore, substituted fused oxazolocoumarins were
synthesized by the reduction of 4-hydroxy-3-nitrosocoumarin in acetic anhydride in the
presence of Pd/C [19], or of 6-hydroxy-4-methyl-5-nitrocoumarin acetate in acetic acid
with iron powder [20], or of 3-hydroxy-3-nitrocoumarins in liquid carboxylic acids in
the presence of Pd/C or PPh3 and P2O5 [8]. Recently, we prepared oxazolocoumarins
by one-pot tandem reactions of o-hydroxynitrocoumarins with benzyl alcohol in toluene
under catalytical conditions using gold nanoparticles supported on TiO2, by FeCl3 or by
silver nanoparticles supported on TiO2 [21].

Aminocoumarins are valuable building blocks for the synthesis of fused pyrido-
coumarins presenting significant biological activities such as antibacterial [22], antifun-
gal [23], antimalarial [24], antioxidant [25] and wound-healing [26]. Pyridocoumarins are
prepared from aminocoumarins through the one-pot Povarov reactions with aromatic alde-
hydes and cyclic enol ethers [27], the reactions with vinyl ketones [28], or under Vilsmeier
conditions [29] or with phenylacetylene and benzaldehydes under catalysis by I2 [30] or by
other Lewis acids [25,31]. The cycloisomerization of propargylaminocoumarins, prepared
from aminocoumarins, followed by oxidation, led also to pyridocoumarins under catalysis
by AgSbF6 [32] or BF3.Et2O [33] or Au/nanoparticles [34].

The need for the synthesis of new compounds, to probe novel biological activity
containing a heterocyclic ring fused to the pyridocoumarin moiety, led us to the synthesis
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of amino-substituted fused oxazolocoumarins. In continuation of our interest on fused
oxazolocoumarin [8,22] and pyridocoumarin [25,33,34] derivatives, we would like to report
here the synthesis of novel amine 7, through a selective reduction procedure, and the
biological evaluation of the products. The reactions studied and the synthesized products
are depicted in Scheme 1.

 
Scheme 1. Reagents and Conditions: (i) CAN (1 equiv.), CH3CN, r.t. 30 min; (ii) p-tolylmethanol (5) (3 equiv.), Au/TiO2

(4 mol%), toluene, sealed tube, 150 ◦C, 54 h; (iii) Au/TiO2 (1 mol%), NaBH4 (4 equiv.), MeOH, r.t. 1 h.

2. Results and Discussion

2.1. Synthesis

The starting material for this procedure was the 6-hydroxy-5,7-dinitrocoumarin (4),
which was synthesized in 62% yield along with 6-hydroxy-5-nitrocoumarin (2) (22% yield)
and 6-hydroxy-7-nitrocoumarin (3) (14% yield) by nitration of 6-hydroxycoumarin (1) with
cerium ammonium nitrate (CAN) in CH3CN at r.t., according to the literature [35]. In this
paper, the authors obtained 3 in 50% yield using 1 equiv. of CAN, while by using 2 equiv. of
CAN they isolated compound 3 in 74% yield along with compound 2 (12%). No evidence
for the presence of the dinitro-derivative 4 was noticed. When we performed the above
reaction with 0.5 equiv. of CAN, only compound 2 [36] (10 %) was isolated along with 85%
of the starting compound 1. The spectral data of compound 4 resemble well with that given
in the literature [37], where the preparation was achieved by using nitric/acetic acids.

The reaction of 4 with p-tolylmethanol (5) in a sealed tube in toluene in the presence
of Au/TiO2 (4 mol%) at 150 ◦C led to 4-nitro-2-(p-tolyl)-7H-chromeno[5,6-d]oxazol-7-one
(6) (45% yield) accompanied by 4-amino-2-(p-tolyl)-7H-chromeno[5,6-d]oxazol-7-one (7)
(13%). This reaction was performed in analogy to our recent work on the synthesis of
fused oxazolocoumarins by the treatment of o-hydroxynitrocoumarins with benzyl alcohol
catalyzed by Au/TiO2 or Ag/TiO2 or FeCl3 [21]. During this process, a simultaneous re-
duction of nitro- to amine-group and oxidation of benzyl alcohol to benzaldehyde occurred,
followed by imine formation from the amine and benzaldehyde, cyclization by addition
of hydroxy-group to imine and oxidation of the intermediate oxazoline to oxazole. The
selective reduction of the 5-nitro group of coumarin in comparison to the 7-nitro group by
the intermediate gold-hydride [21] could be attributed to a possible complexation of gold
to the 3,4-double bond of coumarin. In the 1H-NMR spectrum of 6, there are two doublets
at 6.42 (1 H, J = 9.6 Hz) and 8.28 (1 H, J = 9.6 Hz) for the 3-H and 4-H, respectively, and
one singlet at 8.30 (1 H) for the 8-H. The chemical shift of 4-H (8.28 ppm) is downfield
in comparison to 4-H (7.69 ppm) of compound 4 due possibly to de-shielding from the
oxazole-ring. The p-tolyl-group gave rise to the two doublets at 7.35 (1 H, J = 7.9 Hz) and
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8.15 (1 H, J = 7.9 Hz) and one singlet at 2.43 (3 H). The HR-MS is m/z [M + H]+ calcd for
C17H11N2O5: 323.2789, found: 323.2791.

The reduction of nitro-derivative 6 with NaBH4 as hydride ion donor, in the presence
of the catalyst Au/TiO2, according to a recent publication for the use of Au-NPs in the
reduction of nitroarenes to anilines [38], resulted to the chemoselective preparation of
4-amino-2-(p-tolyl)-7H-chromeno[5,6-d]oxazol-7-one (7) in 94% yield. This is a new com-
pound with absorptions in FT-IR at 3446, 3356 cm−1 for the NH2 group. There are two
doublets at 6.29 (1 H, J = 9.6 Hz) and 8.26 (1 H, J = 9.6 Hz) for the 3-H and 4-H, respectively,
in the 1H-NMR spectrum of 7, a broad singlet at 4.50 ppm for the NH2 protons and one
singlet at 6.61 (1 H) for the 8-H, see Supplementary Materials. This upfield shift is consistent
with the structure of 7 with the oxazole-ring fused at the 5,6-position and the NH2 group
at the 7-position of the coumarin moiety. If the oxazole ring is at the 6,7-position and the
amine group at the 5-position of the coumarin (in a structure isomeric to 7), the 8-H would
be expected to be above 7.0 ppm. In the case of 2-phenyl-6H-chromeno[6,7-d][1,3]oxazol-6-
one the 8-H is at 7.54 ppm [21]. The p-tolyl group gives rise to two doublets at 7.36 (1 H,
J = 7.9 Hz) and 8.15 (1 H, J = 7.9 Hz) and one singlet at 2.46 (3 H). In the 13C-NMR, there
is the upfield peak for the 8-C of the coumarin moiety at 98.1 ppm in comparison to the
carbons of nitro-compound 6, see Supplementary Materials. This peak is consistent with
the analogous peak (98.9 ppm) for 7-aminocoumarin [39]. The HR-MS is m/z [M + Na]+

calcd for C17H12NaN2O3: 315.2778, found: 315.2784.

2.2. Biology

Preliminary biological experiments were performed in vitro. Compounds 6 and 7 were
tested as possible antioxidant agents and inhibitors of soybean lipoxygenase according to
our previous published assays [10,25]. They did not present any interaction with DPPH
at 100 μM after 20 and 60 min under the reported experimental conditions. The anti-lipid
peroxidation activity was very low at 100 μM (less than 1% for compound 6 and 23% for
compound 7), as tested by the 2,2′-azobis(2-amidinopropane) dihydrochloride (AAPH)
protocol. No inhibition of soybean lipoxygenase was observed.

3. Materials and Methods

3.1. Materials

All the chemicals were procured from either Sigma–Aldrich Co. or Merck & Co., Inc.
(St. Louis, MO, USA) Melting points were determined with a Kofler hotstage apparatus
and are uncorrected. IR spectra were obtained with a Perkin–Elmer Spectrum BX spec-
trophotometer as KBr pellets. NMR spectra were recorded with an Agilent 500/54 (DD2)
(Santa Clara, CA, USA) (500 MHz and 125 MHz for 1H and 13C, respectively) using CDCl3
as solvent and TMS as an internal standard. J values are reported in Hz. Mass spectra were
determined with a LCMS-2010 EV Instrument (Shimadzu, Kyoto, Japan) under electrospray
ionization (ESI) conditions. HRMS (ESI-MS) were recorded with a ThermoFisher Scientific
model LTQ Orbitrap Discovery MS. Silica gel No. 60, Merck A.G. was used for column
chromatography.

3.2. Synthesis of 6-Hydroxy-5,7-dinitrocoumarin (4)

Cerium ammonium nitrate (CAN) (1.69 g, 3.08 mmol) in acetonitrile (10 mL) was
added in three portions over a period of 15 min to a solution of 6-hydroxycoumarin (1)
(0.5 g, 3.08 mmol) in acetonitrile (10 mL) under stirring. The reaction mixture was then
stirred for 30 min (TLC-monitored) and then quenched by pouring over ice (~50 g). It was
then repeatedly extracted with ethyl acetate (3 × 10 mL). The combined extracts washed
successively with sodium bisulfite solution, brine and water, and dried (Na2SO4). After
evaporation, the residue was subjected to column chromatography [silica gel, hexane: ethyl
acetate (1:1)] to give 2 and 3 as a mixture followed by the 6-hydroxy-5,7-dinitrocoumarin
(4) (0.48 g, 62 % yield). The mixture of 2 and 3 were subjected to a second column chro-
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matography [silica gel, dichloromethane] to give 6-hydroxy-5-nitrocoumarin (2) (0.14 g,
22 % yield) and 6-hydroxy-7-nitrocoumarin (3) (89 mg, 14% yield).

6-Hydroxy-5,7-Dinitrocoumarin (4): Red solid, m.p. 153–155 ◦C (dec) (EtOH), (lit. [37]:
155–157 ◦C).

6-Hydroxy-5-nitrocoumarin (2): Yellow solid, m.p. 159–161 ◦C (EtOH), (lit. [36]:
158–160 ◦C).

6-Hydroxy-7-nitrocoumarin (3): Yellow solid, m.p. 231–233 ◦C (EtOH), (lit. [36]:
232 ◦C).

3.3. Synthesis of 4-Nitro-2-(p-tolyl)-7H-chromeno[5,6-d]oxazol-7-one (6)

The 6-hydroxy-5,7-dinitrocoumarin (4) (100 mg, 0.40 mmol), p-tolylmethanol (5)
(145.4 mg, 1.19 mmol), 1 % Au/TiO2 [156.2 mg (1.56 mg Au, 0.00793 mmol, 2 mol%)]
and toluene (4 mL) were added in a sealed tube. The resulted mixture was stirred at 150 ◦C
for 54 h. After cooling, the catalyst was removed by filtration and the solvent was con-
centrated under reduced pressure. The residue was subjected to column chromatography
[silica gel, hexane: ethyl acetate (2:1)] to give compound 6 (57 mg, 45 % yield) followed
by the 4-amino-2-(p-tolyl)-7H-chromeno[5,6-d]oxazol-7-one (7) (15.2 mg, 13 % yield) and
unreacted compound 4 (40 mg, 40 %).

4-Nitro-2-(p-tolyl)-7H-chromeno[5,6-d]oxazol-7-one (6): Light yellow solid, m.p.
90–92 ◦C (MeOH). IR (KBr): 3052, 2924, 2853, 1716 cm−1. 1H-NMR (500 MHz, CDCl3) δ:
2.43 (s, 3H, CH3), 6.42 (d, 1H, J = 9.6 Hz), 7.35 (d, 2H, J = 7.9 Hz), 8.15 (d, 2H, J = 7.9 Hz),
8.28 (d, 1H, J = 9.6 Hz), 8.30 (s, 1H). 13C-NMR (125 MHz, CDCl3) δ: 30.9, 111.1, 116.5, 117.5,
127.4, 127.67, 127.7, 129.9, 132.2, 136.8, 145.8, 146.0, 155.5, 160.6, 164.0. LC-MS (ESI): 320 [M
− H]−. HR-MS (ESI), (M.W.: 322): m/z [M + H]+ calcd for C17H11N2O5: 323.2789, found:
323.2791.

3.4. Synthesis of 4-Amino-2-(p-tolyl)-7H-chromeno[5,6-d]oxazol-7-one (7)

The catalyst, 1% Au/TiO2 [12.2 mg (0.12 mg Au, 0.0006 mmol, 1 mol%)], was placed
in a 5 mL flask, followed by the addition of methanol (2 mL), nitro compound 6 (20 mg,
0.062 mmol) and NaBH4 (gradual addition because of hydrogen release (9.4 mg, 0.25 mmol)).
The reaction mixture was then stirred at room temperature for 1 h. After the completion of
the reaction (TLC-monitored), the slurry was filtered under reduced pressure to remove the
catalyst and washed with methanol (~5 mL). The filtrate was evaporated under vacuum to
afford the corresponding 4-amino-2-(p-tolyl)-7H-chromeno[5,6-d]oxazol-7-one, (7) (17 mg,
94 % yield): Light yellow solid, m.p. 177–179 ◦C (hexane/ethyl acetate). IR (KBr): 3446,
3356, 2924, 2852, 1725, 1634 cm−1. 1H-NMR (500 MHz, CDCl3) δ: 2.46 (s, 3H, CH3), 4.50
(brs, 2H), 6.29 (d, 1H, J = 9.6 Hz), 6.61 (s, 1H), 7.36 (d, 2H, J = 7.9 Hz), 8.15 (d, 2H, J =
7.9 Hz), 8.26 (d, 1H, J = 9.6 Hz). 13C-NMR (125 MHz, CDCl3) δ: 31.0, 98.1, 111.4, 116.5,
117.4, 127.3, 127.7, 129.8, 129.9, 139.2 146.1, 146.7, 148.9, 156.1, 160.0, 164.7. LC-MS (ESI):
315 [M + Na]+, 347 [M + Na + MeOH]+. HR-MS (ESI), (M.W.: 292): m/z [M + Na]+ calcd for
C17H12NaN2O3: 315.2778, found: 315.2784.

3.5. Biological Experiments: In Vitro Assays

The compounds were dissolved in DMSO.

• Antilipid peroxidation: the AAPH protocol was followed [25].
• Lipoxygenase inhibition: according to our previous protocol [25].
• Antioxidant activity: interaction with the stable free radical DPPH (final concen-

tration 0.05 mM) in ethanol absolute (final concentration of the tested compounds
0.1 mM) [25].

4. Conclusions

We demonstrated an efficient and chemoselective method for the synthesis of amino-
substituted fused oxazolocoumarins using Au-NPs catalysis in the presence of NaBH4
for the reduction of the corresponding nitro-substituted fused oxazolocoumarins. The
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preliminary biological assays pointed that compound 7 presents low anti-lipid peroxida-
tion activity.

Supplementary Materials: The following are available online, NMR and LC-MS (ESI) spectra of
compound 7.
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Abstract: Here we describe the preparation of 2-(4-((1H-benzo[d]imidazol-2-yl)thio)-benzylidene)-
hydrazine-1-carbothioamide in two steps. In the first step, 1,3-dihydro-2H-1,3-benzimidazole-2-
thione was reacted with 4-fluorobenzaldehyde in DMSO to get 4-[(1H-benzimidazol-2-yl)sulfanyl]benz
aldehyde in high yield. The reaction of the obtained aldehyde with thiosemicarbazide in ethanol at
reflux temperature yielded 2-({4-[(1H-benzimidazol-2-yl)sulfanyl]phenyl}methylidene)hydrazine-1-
carbothioamide. The structure of the synthesized compounds was established by NMR spectroscopy
(1H, 13C), mass spectrometry, and infrared spectroscopy.

Keywords: benzimidazole; nucleophilic aromatic substitution; thiosemicarbazone

1. Introduction

Benzimidazoles are one of the important heterocyclic templates for the intensive
investigation in chemical sciences due to their well-known applications and interest-
ing biological activity profile [1–6]. Thiosemicarbazone moiety is another privileged
structure that is found in several molecules with a wide range of biological activities
representing several important classes in drug discovery [7–12]. Thiosemicarbazones
have been postulated as biologically active compounds and display different types of
biological activity, such as anticancer [11,13], anti-HIV [14,15], anticonvulsant [16,17],
antimalarial [18,19], anti-inflammatory [20], enzymatic inhibition [9,10,21], antiviral [22],
antioxidant [23], antifungal [24], and antibacterial [24,25]. Additionally, the flexibility
of thiosemicarbazones as nitrogen and sulfur donors consents them to bring on a great
diversity of coordination modes [26].

In this communication, we describe an improved process for the preparation of
4-[(1H-benzimidazol-2-yl)sulfanyl]benzaldehyde [27]. We also report the preparation of 2-
({4-[(1H-benzimidazol-2-yl)sulfanyl]phenyl}methylidene)hydrazine-1-carbothioamide via
the condensation of the synthesized aldehyde with thiosemicarbazide. The authors trust
that this is the first report that discloses the synthesis and spectral analysis of 2-({4-[(1H-
benzimidazol-2-yl)sulfanyl]phenyl}methylidene)hydrazine-1-carbothioamide because the
exact structure search in the SciFinder database for this compound did not provide any hit
or reference. The reported compounds can be assessed.

2. Results and Discussion

Refluxing of 1,3-dihydro-2H-1,3-benzimidazole-2-thione with 4-fluorobenzaldehyde in
DMSO/anhydrous K2CO3 mixture gave 4-((1H-benzo[H]imidazol-2-yl)thio)benzaldehyde
3. The product was isolated in 92% yield. The preparation of 3 is also provided in
the literature [27], wherein a mixture of 1,3-dihydro-2H-1,3-benzimidazole-2-thione, 4-
iodobenzaldehyde, CuI, 1,10-phenanthroline, K2CO3, and DMF was heated to 140 ◦C for
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18 h. Further, the final product was purified by column chromatography to provide 3 in
87% yield. The current process does not make use of many reagents/parameters of the
reported method, such as CuI, 1,10-phenanthroline, DMF, temperature, reaction duration,
and column chromatography. These features make the current process an economical, safe,
and less time-consuming process. Condensation of the latter with thiosemicarbazide in
refluxing EtOH containing a catalytic amount of AcOH gave thiosemicarbazone derivative
4 (Scheme 1). The molecular structures of compounds 3 and 4 were established by spectral
data. The IR spectrum of compound 3 displayed the presence of the imino group at
3153 cm−1, carbonyl group at 1693 cm−1, and C=N at 1590 cm−1. (Figures S1 and S2)
Additionally, compound 4 showed strong absorption bands at 3411, 3303, and 3158 cm−1

for the NH2/NH groups and 1594 cm−1 for C=N. The 1H NMR of 3 displayed the presence
of singlet δH 12.52 for benzimidazole-NH and 9.95 for carboxaldehyde proton, and the
aromatic protons (Ar-H) were found in the spectrum at δH 7.11–7.88. 13C NMR (DMSO-d6)
showed signals at δC 192.4 assigned to the C=O group, 143.7 ppm assigned to C=N,
140.9 ppm assigned to C-N, in addition to 109.5 ppm assigned aromatic carbons at δC 134.7.
The 1H NMR of 4 exhibited the presence of an amino group at δH 8.01, azomethine proton
at δH 8.24, a singlet at δH 11.49 for NH-CS, and a singlet at 12.84 for imidazole-NH, in
addition to the presence of Ar-Hs at 7.19–8.46 ppm. 13C NMR (DMSO-d6) showed signals
at δC 178.0 assigned to the C=S group, δC 145.9 assigned to CH=N, δC 143.7 assigned to
C=N, δC 141.1 to C-N, and Ar-C at δC 135.3–111.1 (Figure S3–S6).

Scheme 1. Preparation of 4-[(1H-benzimidazol-2-yl)sulfanyl]benzaldehyde and 2-({4-[(1H-benzimidazol-2-yl)sulfanyl]
phenyl}methylidene)hydrazine-1-carbothioamide.

3. Materials and Methods

3.1. General

The uncorrected melting points were determined by a Stuart melting point appara-
tus. IR (KBr) was obtained from a Shimadzu 440 spectrometer (ν, cm−1). NMR spectra
were recorded by a JEOL ECA-500 spectrometer. The chemical shifts (δ in ppm) were
recorded relative to tetramethylsilane (TMS). The elemental analyses were performed at
the Microanalytical Center, Cairo University, Cairo (Egypt).

70



Molbank 2021, 2021, M1273

3.2. 4-[(1H-Benzimidazol-2-yl)sulfanyl]benzaldehyde (3)

A mixture of 1,3-dihydro-2H-1,3-benzimidazole-2-thione 1 (10 mmol, 1.5 g) and 4-
fluorobenzaldehyde 2 (10 mmol, 1.24 g) in dimethyl sulfoxide (25 mL) was refluxed along
with anhydrous potassium carbonate (2 g) for 1 h, cooled, and transferred into crushed
ice. The obtained product was collected and recrystallized to afford 3 as colorless solid.
Yield: 2.34 g (92%); m.p.: 164–166 ◦C (acetic acid/water, 7:3); IR (KBr, cm–1): 3153 (NH),
3069 (arom.-CH), 1693 (C=O), 1590 cm−1 (C=N); 1H NMR (500 MHz, DMSO-d6, δ/ppm):
7.10 (m, 1H, ArH), 7.20 (d, 2H, ArH, J = 5.0 Hz), 7.50 (dd, 3H, ArH, J = 5.0 Hz), 7.86 (d,
2H, ArH, J = 10.0 Hz), 9.95 (s, 1H, CHO), 12.52 (hump, 1H, benzimidazole-NH); 13C NMR
(125 MHz, DMSO-d6): δ 109.5, 110.5, 119.4, 122.6, 124.3, 128.1, 128.9, 129.8, 130.2, 130.3,
130.8, 132.2, 134.7 (Ar’C), 140.9 (C-N), 143.7, 147.1 (C=N), 192.2 (C=O). Anal. calcd for
C14H10N2OS: C, 66.12; H, 3.96; N, 11.02; found: C, 65.94; H, 3.81; N, 10.87.

3.3. 2-({4-[(1H-Benzimidazol-2-yl)sulfanyl]phenyl}methylidene)hydrazine-1-carbothioamide (4)

A solution of aldehyde 3 (10 mmol, 2.54 g) and thiosemicarbazide (10 mmol, 0.91 g)
was refluxed in EtOH (30 mL) containing acetic acid (5 mL) for 3 h. The obtained solid was
collected and recrystallized to give 4. Yellow crystals: yield: 2.45 g (75%); m.p., 268–270 ◦C
(dioxane); IR (KBr, cm–1): 3411, 3303, 3158 (NH2/NH), 3014 (arom.-CH), 1594 (C=N); 1H
NMR (500 MHz, DMSO-d6, δ/ppm): 7.15 (dd, 2H, ArH, J = 5.0 Hz), 7.41 (d, 1H, ArH,
J = 5.0 Hz), 7.44 (d, 1H, ArH, J = 10.0 Hz), 7.57 (d, 1H, ArH, J = 5.0 Hz), 7.81 (d, 2H, ArH,
J = 10.0 Hz), 8.01 (d, 2H, NH2, J = 10.0 Hz), 8.24 (s, 1H, CH=N), 11.49 (s, 1H, NH-CS), 12.84
(s, 1H, benzimidazole-H); 13C NMR (125 MHz, DMSO-d6): δ 111.1, 118.4, 121.7, 122.8, 128.2,
130.7, 133.1, 133.9, 135.3 (Ar’C), 141.1 (C-N), 143.7 (C=N), 145.9 (CH=N), 178.0 (C=S). Anal.
calcd for C15H13N5S2: C, 55.02; H, 4.00; N, 21.39; found: C, 54.86; H, 3.84; N, 21.23.

Supplementary Materials: The following are available online in Figures S1–S6 (FTIR, 1H NMR, and
13C NMR spectra of compounds 3 and 4).
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Abstract: A routine synthesis was performed to furnish the title compound which incorporates a
versatile difluoromethyl group on the aniline substitution of a 4-anilinoquinoline kinase inhibitor motif.
In addition, the small molecule crystal structure (of the HCl salt) was solved, which uncovered that
the difluoromethyl group was disordered within the packing arrangement and also a 126.08(7)◦
out of plane character between the respective ring systems within the molecule. The compound
was fully characterized with 1H/13C-NMR and high-resolution mass spectra (HRMS), with the
procedures described.

Keywords: 4-anilino-quin(az)olines; hinge binder; conformational flexibility; kinase inhibitor design

1. Introduction

The human kinome has shown impressive tractability, affording a number of high-profile
clinical targets, which has led to the approval of more than 60 kinase inhibitors to date [1–3].
These drugs are for the most part multi-targeted tyrosine kinase inhibitors for the treatment of
cancer [1–3]. There is an urgent need to develop highly selective compounds to open up the field
into new indications beyond oncology [4]. However, this is not a straightforward task as all kinases
bind a common substrate, adenosine triphosphate (ATP), which leads to a high degree of sequence
homology across the kinome [5]. The 4-anilino-quin(az)oline scaffold shown is one of a number of
hinge binders that have been shown to modulate kinome promiscuity, from broad spectrum such as
GW559768X (1) to clinical narrow spectrum including lapatinib (2) and erlotinib and highly selective
probes SGC-GAK-1 (3) (Figure 1) [6–13]. This kinome profile appears to be primarily driven by the
electronics and substitution patterns of the pendant arms of the hinge binding scaffold [6–13].

Figure 1. Previously reported 4-anilino-quin(az)olines (1–3) kinase inhibitors.

Molbank 2020, 2020, M1161; doi:10.3390/M1161 www.mdpi.com/journal/molbank73
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The difluoromethyl has shown a versatility in kinase inhibitor design, allowing the careful
calibration of the compound properties [14–18]. These include potency profile, solubility and metabolic
stability among others, several literature examples include PQR530 [19] and GDC-0077 [20,21] (Figure 2).
We now describe incorporation of a difluoromethyl onto a known kinase active 6-bromoquinoline
scaffold [6–10,22,23].

Figure 2. Examples of difluoromethyl use in kinase inhibitors (4,5).

2. Results

2.1. Synthesis of 8

The title compound was synthesized by a one-step protocol (Scheme 1) [22–29]. The corresponding
3-(difluoromethyl)aniline (6) and 6-bromo-4-chloroquinoline (7) were mixed and refluxed for 16 h
followed by the addition of Hünig’s base. The resulting mixture was purified to afford the title
compound (8) in very good overall yield (83%) (see supporting information).

Scheme 1. Synthesis route to furnish 4-anilinoquinoline (8).

2.2. Crystal Structure of 8

A crystallographic analysis revealed 8 crystallized as the chloride salt with the difluoromethyl
group disordered over two positions with approximate proportions of 70:30 throughout the crystal
(Figure 3). The molecule comprises two planar moieties. The quinoline moiety, i.e., N1 and C1–C9
exhibits a root mean square (r.m.s.) deviation of 0.006 Å with the maximum deviation from the
plane being −0.011 Å for C2. The r.m.s. deviation of the difluoromethylphenyl moiety, i.e., C10–C15,
is 0.009 Å with C12 and C15 displaying the maximum deviation of −0.012 Å and −0.013 Å, respectively.
The dihedral angle between the two aforementioned planes is 126.08 (7)◦. The C3–N2 bond distance
of 1.342(3) Å is indicative of a double bond character in this bond consistent with conjugation in the
quinoline moiety. All other bond distances and angles are within expected limits.
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Figure 3. Molecular structure of 8H+Cl− showing atomic labelling and displacement ellipsoids at 50%
probability level. The difluromethyl minor disorder component is shown “ghosted”.

The chloride anion is integral to the solid-state structure. The structure comprises
corrugated “tapes” of 8H+ hydrogen bonded to Cl− via the quinoline N–H+ and aniline N–H,
respectively (N–H+ . . . Cl− . . . H–N (3.020(2) Å, 3.1113(19) Å)), parallel to the b-axis. These tapes form
antiparallel stacks along the a-axis and close-pack along the c-axis to form the structure (Figure 4).

Figure 4. Unit cell contents of 8H+Cl− shown in projection down the a-axis. Hydrogen atoms except
those involved in H-bonding are omitted for clarity. Hydrogen bonds are shown as dashed green lines.
Minor disorder components are shown “ghosted”.
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3. Discussion

We demonstrated a robust route to access the title compound (8) in excellent yield.
This methodology lends itself to rapid library development as previously described [6–10,22–29].
The diversity of commercial and easy to synthetically access heterocycles and substitution
patterns provide an endless wealth of possibilities and expandable chemical space to tune the
4-anilino-quin(az)oline scaffold properties for the discovery of new chemical tools and probes.

4. Material and Methods

4.1. Chemistry

All reactions were performed using flame-dried round-bottomed flasks or reaction vessels.
Where appropriate, reactions were carried out under an inert atmosphere of nitrogen with dry solvents,
unless otherwise stated. Yields refer to chromatographically and spectroscopically pure isolated yields.
Reagents were purchased at the highest commercial quality and used without further purification.
Reactions were monitored by thin-layer chromatography carried out on 0.25 mm E. Merck silica gel
plates (60F-254) using ultraviolet light as visualizing agent. NMR spectra were recorded on a Varian
Inova 400 (Varian, Palo Alto, CA, USA) and were calibrated using residual undeuterated solvent
as an internal reference (CDCl3: 1H-NMR = 7.26, 13C-NMR = 77.16). The following abbreviations
or combinations thereof were used to explain the multiplicities observed: s = singlet, d = doublet,
t = triplet, q = quartet, m =multiplet, br = broad. Liquid chromatography (LC) and high-resolution
mass spectra (HRMS) were recorded on a ThermoFisher hybrid LTQ FT (ICR 7T) (ThermoFisher,
Waltham, MA, USA). The University of Southampton (Southampton, UK) small molecule x-ray facility
collected and analyzed all X-ray diffraction data (Supplementary Materials).

6-Bromo-N-(3-(difluoromethyl)phenyl)quinolin-4-amine (8), 6-bromo-4-chloroquinoline (150 mg, 0.62 mmol,
1 eq) and 3-(difluoromethyl)aniline (97.3 mg, 0.68 mmol, 1.1 eq) were suspended in ethanol (10 mL)
and refluxed for 18 h. This was followed by the addition of iPr2NEt (0.225 mL, 1.36 mmol, 2.2 eq.). The
reaction mixture was concentrated in vacuo and extracted with ethyl acetate/saturated ammonium
chloride. The title compound was then purified by flash chromatography using EtOAc: hexane followed
by 1–5% methanol in EtOAc. The solvent was concentrated in vacuo and the product was obtained as
a light beige solid (179 mg, 0.5134 mmol, 83%). MP 272–274 ◦C; 1H-NMR (400 MHz, DMSO-d6) δ 11.30
(s, 1H), 9.23 (d, J = 1.9 Hz, 1H), 8.56 (d, J = 6.9 Hz, 1H), 8.17 (dd, J = 9.0, 1.9 Hz, 1H), 8.12 (d, J = 9.0 Hz,
1H), 7.92–7.64 (m, 3H), 7.61 (dt, J = 6.4, 1.7 Hz, 1H), 7.14 (t, J = 55.7 Hz, 1H), 6.88 (d, J = 6.9 Hz, 1H).
13C-NMR (100 MHz, DMSO-d6) δ 153.9, 143.2, 137.7, 137.4, 136.6, 135.8 (t, J = 22.5 Hz), 130.6, 127.6 (t, J
= 2.1 Hz), 126.4, 124.5 (t, J = 6.0 Hz), 123.0–121.8 (2C, m), 120.0, 118.8, 114.3 (t, J = 236.7 Hz), 100.5.
HRMS m/z [M +H]+ calcd for C16H12N2BrF2: 349.0152, found 349.0140, LC tR = 3.78 min, >99% Purity.

4.2. Crystallography

Single colorless plate-shaped crystals of 8H+Cl− were crystallized from EtOH/water and several
drops of dioxane/HCL (4 M). A suitable crystal 0.16 × 0.10 × 0.02 mm3 was selected and mounted on
a MITIGEN holder (MiTeGen, Ithaca, NY, USA) in perfluoroether oil on a Rigaku FRE+ equipped
with VHF Varimax confocal mirrors and an AFC12 goniometer and HyPix 6000 detector. The crystal
was kept at a steady T = 100(2) K during data collection. The structure was solved with the
ShelXT [30] structure solution program using the using dual methods solution method and by using
Olex2 [31] as the graphical interface. The model was refined with version 2018/3 of ShelXL [32]
using full matrix least squares minimization on F2 minimization. All non-hydrogen atoms were
refined anisotropically. Hydrogen atom positions were calculated geometrically and refined using
the riding model except for those bonded to N-atoms which were located in the difference map and
refined with a riding model. The difluoromethyl group was disordered over two positions (ca. 70:30).
Thermal restraints and 1,2 and 1,3 equal distance geometric restraints applied to all equivalent atom
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pairs of disorder components. Equal distance geometric restraints were additionally applied to all
C–F bonds.

Crystal Data for C16H12N2BrF2Cl (8H+Cl−), Mr = 385.64, orthorhombic, Pbca (No. 61),
a = 7.54250(10) Å, b = 17.2573(4) Å, c = 23.3121(7) Å, a = b = g = 90◦, V = 3034.38(12) Å3, T = 100(2) K,
Z = 8, Z′ = 1, m(Mo Ka) = 2.903 mm−1, 26,395 reflections measured, 5342 unique (Rint = 0.0384) which
were used in all calculations. The final wR2 was 0.0990 (all data) and R1 was 0.0539 (I ≥ 2 s(I)).

Supplementary Materials: The following are available online, 1H and 13C NMR spectra and the crystallographic
data for Compound 8H+Cl− in crystallographic information file (CIF) format. CCDC 2036373 also contains
the supplementary crystallographic data for this paper. These data can be obtained free of charge via http:
//www.ccdc.cam.ac.uk/conts/retrieving.html.
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Abstract: A new thiophene-substituted terpyridine derivative has been prepared through the reaction
between 5-N-propylthiophene-2-carboxaldehyde and 2-acetylpyridine. This terpyridine derivative
bears an alkyl chain linked via a thiophene heterocycle.

Keywords: chalcogenophene; heterocycles; ligands; pyridine derivatives; thiophene derivatives

1. Introduction

2,2′:6′,2”-Terpyridine (terpy) ligands and their metal complexes have been widely
studied [1] owing to the broad range of applications for such molecules. Varying the nature
of the substituents on the ligands and/or the metallic centre offers the possibility to prepare
an enormous number of different substances. In particular, terpyridines that contain the five
membered heterocycle thiophene [2] have attracted widespread of attention. In fact, they
can be used in the preparation of materials for solar cells [3–5], for the functionalization of
nanoparticles [6], as fluorescent probes [7,8], as antimicrobial agents [9], as electrochromic
materials [10] or as chromophores [11], just to name a few. The substituents that are
present on the thiophene ring have an important impact, especially on properties of
thiophene-substituted terpyridine-based materials [12]. Therefore, the preparation of new
thiophene-substituted terpyridines is still of interest. This paper presents the synthesis of
the novel 4′-(5-N-propylthiophen-2-yl)-2,2′:6′,2”-terpyridine ligand (1) (Figure 1).

Figure 1. Chemical structure 4′-(5-N-propylthiophen-2-yl)-2,2′:6′,2”-terpyridine (1).

2. Results and Discussion

Many synthetic methods are available for the preparation of terpyridine deriva-
tives [13–15]. In order to prepare 4′-(5-N-propylthiophen-2-yl)-2,2′:6′,2”-terpyridine, the
method described by Wang and Hanan in 2005 [16] was selected. This procedure allowed the
facile preparation of 1 from 2-acetylpyridine and 5-N-propylthiophene-2-carboxaldehyde.

Molbank 2021, 2021, M1183. https://doi.org/10.3390/M1183 https://www.mdpi.com/journal/molbank
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As in many cases with this synthetic protocol, the crude product was sufficiently pure
(>98% by quantitative NMR [17,18] and by combustion analysis) to be used (e.g., for the
preparation of metal complexes) without purification.

Ligand 1 was characterized by 1H and 13C-NMR as well as by HR-MS. Firstly, the
1H-NMR spectrum agrees with the chemical structure. NMR spectra of 4′-functionalized
terpyridines exhibit a typical singlet for proton 3′ and 5′. In the present molecule, this
singlet is seen at δ = 8.63 ppm. Furthermore, as expected, hydrogens that belong to
the thiophene heterocycle (a and b) appear as doublets centered at 7.60 and 6.84 ppm,
respectively, with a coupling constant of 3.6 Hz. Finally, signals for the propyl chain can be
observed as two triplets (at 2.84 and 1.02 ppm) and a multiplet at 1.76 ppm (Figure 2).

Figure 2. 1H-NMR spectra of compound 1 (inset: structure and atom numbering of 1).

Additionally, the structure of 1 was further confirmed by 13C-NMR as well as by HR-
MS (Supplementary Materials). For instance, the 13C-NMR spectrum features 15 signals
due to the symmetry of the molecule, while mass spectra exhibit the molecular ion peak at
358.13703 (calc. for [C22H19N3S + H]+: 358.13724). The UV-Vis spectrum of compound 1

recorded in acetonitrile exhibits bands at 231, 252, 286 and 314 nm (Figure 3).
The strong absorption band can be assigned to π − π* transitions of the terpyridine

part, and the shape of the spectrum is similar to previously reported ones for such five-
membered heterocycle-substituted terpyridines [11,19].

As expected, introduction of an aliphatic chain onto the thiophene ring subsequently
lowered the melting point of the product (98–99 ◦C) when compared to other non-functionalized
chalcogenophene-substituted terpyridine molecule [20–23]. This phenomenon is also ob-
served in an hexylthiophene-functionalized 2,2′:2′,2”-terpyridine [11] (Table 1).
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Figure 3. UV-Vis. spectrum of terpyridine 1 (1.21 × 10−4 M in acetonitrile).

Table 1. Comparison of melting points for some chalcogenophene-substituted terpyridines. a Values
from literature.

X= S O Se Te

R= nC6H13 nC3H7 H H H H

Mp (◦C) 70–72 a 98–99 197–199 a 219 a 215–218 a 196–200 a

3. Materials and Methods

All reagents were purchased from commercial suppliers (ACROS Organics, Geel,
Belgium and TCI Chemicals, Zwijndrecht, Belgium) and used as received. Starting ma-
terial 5-N-propylthiophene-2-carboxaldehyde [24] was prepared from thiophene via 2-
N-propylthiophene [25] and 1-(thiophen-2-yl)-propan-1-one [26] according to literature
procedures. 1H and 13C-NMR spectra were recorded on a Brucker AC 400 (Bruker, Wissem-
bourg, France) at 400 and 100 MHz, respectively, using CDCl3 as a solvent. Melting point
was recorded with a Stuart SMP 10 melting point apparatus (Bibby Sterilin, Stone, UK) and
was uncorrected. The UV-Vis spectrum was recorded on a Cary 300 (Agilent Technologies,
Santa Clara, CA, USA) using acetonitrile (C = 1.21 × 10−4 M) as solvent. HR-MS was
recorded at Sayence SATT, Dijon, France. Elemental analysis was performed at Service
d’Analyse Élémentaire, Vandoeuvre-les-Nancy, France.

4′-(5-N-Propylthiophen-2-yl)-2,2′:6′,2”-terpyridine (1): to a solution of 2-acetylpyridine
(7.43 g; 61 mmol) in ethanol (154 mL), 5-N-propylthiophene-2-carboxaldehyde (4.73 g;
31 mmol), 85% potassium hydroxide pellets (4.73 g; 72 mmol) and 25% aqueous ammonia
(89 mL) were added. The reaction mixture was stirred at room temperature for 24 h. The
solid was then filtered on a glass sintered funnel and washed with ice-cold 50% ethanol
until washings were colorless. The product was dried under vacuum over phosphorus
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pentoxide. Compound 1 was obtained as a light-yellow solid (4.25 g; 39%). Mp= 98–99 ◦C.
1H-NMR (CDCl3, 400 MHz), δ (ppm): 8.73 (d, 2H H6, 6”, J = 4.2 Hz), 8.63 (d, 2H, H3, 3”,
J = 7.6 Hz), 8.63 (s, 2H, H3′, 5′), 7.85 (m, 2H, H4, 4”), 7.60 (d, 1H, Ha, J = 3.6 Hz), 7.34 (dd,
2H, H5, 5”, J = 6.5 Hz, J = 4.9 Hz), 6.84 (d, 1H, Hb, J = 3.6 Hz),2.84 (t, 2H, Hc, J = 7.5 Hz),
1.76 (m, 2H, Hd), 1.02 (t, 3H, He, J = 7.3 Hz). 13C-NMR (CDCl3, 100 MHz), δ (ppm): 156.2,
155.9, 149.1, 148.1, 143.8, 139.1, 136.8, 125.7, 125.6, 123.8, 121.3, 116.7, 32.4, 24.8, 13.7. HR-MS:
calc. for [C22H19N3S + H]+ 358.13724, found 358.13703. Elemental analysis for C22H19N3S:
C, 73.92; H, 5.36; N, 11.75; S, 8.97, found C, 73.27; H, 5.39; N, 11.90; S, 8.96. UV-Vis (nm):
λabs = 231, 252, 286, 314.

4. Conclusions

A new thiophene-containing terpyridine was prepared and characterized. This ligand
features an alkyl chain on the thiophene ring. This resulted in a lowering of the melting
point of this type of molecule, a feature that can be interesting in view of future applications
(e.g., for the preparation of low melting complexes).

Experiments are currently in progress to incorporate this ligand into organometallic
materials. Results will be reported in due course.

Supplementary Materials: The following are available online, 1H and 13C-NMR, HR-MS, UV-Vis
and IR spectra of terpyridine 1.
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Abstract: A series of small molecules containing polar aromatic substituents and alkynes have been
synthesized. One–pot preparations of polar aromatic molecules containing an alkynyl imine and
alkynyl amide are reported. A one-pot preparation of a catechol containing an alkynyl amine was
also attempted but in our hands it proved much better to synthesize this target molecule via a three
step synthesis which we also report here.

Keywords: catechol; alkyne; thiol-alkyne click reaction

1. Introduction

A series of small molecules containing polar aromatic substituents and propargyl
amines were synthesized so that they could potentially be incorporated into hydrogel
systems as an approach to developing a better hydrogen bonded and more rigid hydrogel
via a thiol-alkyne click reaction [1–6]. Propargyl amines are also an important class of
molecules in their own right, and are used as building blocks in heterocyclic chemistry
and pharmaceutical chemistry [7,8]. Three main structural aspects of the small molecules
to be synthesized were considered: (1) a polar functional group for enhanced hydrogen
bonding, (2) an alkyne functional group for attachment to thiol containing hydrogels via
the thiol-alkyne click reaction, and (3) ease of synthesis of the small molecule, i.e., where
possible, one-pot reactions from inexpensive, commercially available starting materials.

2. Results and Discussion

To satisfy the above criteria, we initially performed reactions between substituted
benzaldehydes (1) with propargyl amine (2) as shown in Scheme 1. Condensation of
propargyl amine (2) with the aldehydes (1) led to the imines (3–8) in good yield.

Scheme 1. Preparation of propargyl imines from propargyl amine.
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Likewise, the coupling of propargyl amine (2) with the benzoic acids (9) using EDC as
a coupling agent led to the amides (10, 11) also in good isolated yield (Scheme 2).

 
Scheme 2. Preparation of propargyl amides from propargylamine.

Preparation of the amine (15) proved much more complicated. There is a reported
literature procedure for reductive amination of 3,4-dihydroxybenzaldehyde with propargyl
amine [9], but the reported yield is low (31%). The product is reported as a red solid, which
seems unlikely for a pure compound with just a benzene ring or alkyne as a chromophore
and it could be that this material also contains some charge transfer complexes produced
under these conditions. When we performed the literature reaction, we isolated mixtures
of amine 15 and what we think may possibly be the catecholboronate dimer. Rather than
spend a lot of time trying to rigorously identify this byproduct, we chose to investigate
an alternate, straightforward route for the preparation of compound 15 (Scheme 3. See
Supplementary Materials). Ultimately, to obtain pure amine (15), we found that we first
had to protect the catechol (1, R1 = R2 = OH) as previously reported acetonide (12) [10,11],
which was then subjected to reductive amination to produce (13) as shown in Scheme 3.
Acetonide (13) was deprotected to yield ammonium salt (14) which was then deprotonated
to yield the desired amine (15).

 

Scheme 3. Optimized preparation of amine 15.

3. Experimental

General Methods

NMR spectra were obtained on a Bruker 400 MHz spectrometer and mass spectrom-
etry was performed on a Thermo LTQ Orbitrap XL. All reagents and materials were
obtained from the suppliers listed below. Fischer Scientific: sodium sulfate; Acros: 1,2-
Dichloroethane, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide, propargylamine; Sigma
Aldrich: all aromatic aldehydes and acids; Cambridge Isotope Laboratories: Dimethyl
Sulfoxide-d6 + 0.05% v/v TMS. Compounds 3, 10 and 15 are also described in a patent [12].
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(E)-4-((Prop-2-yn-1-ylimino)methyl)benzene-1,2-diol (3). To a solution of 3,4-
dihydroxybenzlaldehyde (0.200 g, 1.45 mmol) in 5:1 DCE:THF (6 mL), propargylamine (2)
(111 μL, 1.74 mmol, 1.2 eq) was added dropwise. Fifteen minutes into the reaction, a grey
solid started to precipitate. The reaction mixture was stirred for 2 h at room temperature
under nitrogen. The resulting precipitate was filtered under vacuum, washed with 5:1
DCE:THF solution (3 × 5 mL), and dried under high vacuum. Compound 3 was isolated as
a tan solid (0.218 g, 1.24 mmol, 85%). 1H-NMR (400 MHz, DMSO-d6) δ: 9.14 (br s, 2H), 8.29
(s, 1H), 7.21 (s, 1H), 7.00 (d, J = 8.0 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 4.38 (dd, J = 2.5, 1.7 Hz,
2H), 3.37 (t, J = 2.5 Hz, 1H). 13C-NMR (101 MHz, DMSO-d6) δ: 162.17, 149.01, 146.02, 127.87,
121.82, 115.81, 114.20, 80.97, 77.36, 47.08. HRMS (EI) for C10H9NO2 176.0712 [M + H]+,
found 176.0713.

(E)-4-((prop-2-yn-1-ylimino)methyl)benzoic acid (4). To a solution of 4-carboxybenzadehyde
(0.200 g, 1.33 mmol) in 1,2-dichloroethane (10 mL), propargylamine (103 μL, 1.60 mmol,
1.2 eq) was added dropwise and the reaction was magnetically stirred under nitrogen
overnight at room temperature. The resulting precipitate was filtered, washed with DCE
(3 × 5 mL), and dried under high vacuum. Compound 4 was isolated as a light tan solid
(0.232 g, 1.23 mmol, 93%). 1H-NMR (400 Hz, DMSO-d6) δ: 8.62 (t, J = 1.9 Hz, 1H), 8.01 (m,
2H), 7.88 (m, 2H), 4.55 (m, 2H), 3.48 (t, J = 2.5 Hz, 1H). 13C-NMR (101 MHz, DMSO-d6) δ:
167.52, 161.87, 139.43, 133.93, 130.10, 128.50, 80.15, 78.19, 47.36. HRMS (EI) for C11H9NO2
188.0712 [M − H]+, found 188.0705.

(E)-2-fluoro-4-((prop-2-yn-1-ylimino)methyl)phenol (5). To a solution of 3-fluoro-4-
hydroxybenzadehyde (0.200 g, 1.43 mmol) in a 5:1 DCE:THF (6 mL), propargylamine
(110 μL, 1.46 mmol, 1.2 eq) was added dropwise and the reaction was magnetically stirred
under nitrogen overnight at room temperature. The reaction solvent was then dried with
sodium sulfate, filtered, and evaporated in vacuo and the obtained product was dried un-
der high vacuum. Compound 5 was isolated as a solid (0.228 g, 1.28 mmol, 90%). 1H-NMR
(400 MHz, DMSO-d6) δ: 10.39 (br s, 1H), 8.39 (s, 1H), 7.53 (d, J = 12.0, 1.9 Hz, 1H), 7.41 (d,
J = 8.4, 1.9 Hz, 1H), 7.02 (t, J= 8.6 Hz, 1H), 4.43 (s, 2H), 3.41 (t, J = 2.4 Hz, 1H).13C-NMR
(101 MHz, DMSO-d6) δ: 161.09, 151.6 (d, J = 243 Hz), 150.39, 148.31, 128.03, 125.93, 118.12,
115.23 (d, J = 19 Hz), 80.57, 77.73, 46.96. HRMS (EI) for C10H9FNO 178.0668 [M − H]+,
found 178.0670.

N-(4-((prop-2-yn-1-ylimino)methyl)phenyl)acetamide (6). To a solution of 4-acetamidobenzaldehyde
(0.200 g, 1.23 mmol) in 5:1 DCE:THF (6 mL), propargylamine (94 μL, 1.47 mmol, 1.2 eq)
was added dropwise and the reaction was magnetically stirred under nitrogen overnight at
room temperature. The reaction solvent was then dried with sodium sulfate, filtered then
evaporated in vacuo and the obtained product was dried under high vacuum. Compound
6 was isolated as a light yellow solid (0.215 g, 1.07 mmol, 87%). 1H-NMR (400 MHz,
DMSO-d6) δ: 10.16 (s, 1H), 8.45 (t, J = 1.8 Hz, 1H), 7.68 (m, 4H), 4.45 (br s, 2H), 3.41 (t,
J = 2.5 Hz, 1H), 2.08 (s, 3H). 13C-NMR (101 MHz, DMSO-d6) δ: 169.11, 161.80, 142.22, 130.81,
129.23, 119.14, 80.62, 77.78, 47.15, 24.58. HRMS (EI) for C12H13N2O 201.1028 [M − H]+,
found 201.1030.

Methyl (E)-4-((prop-2-yn-1-ylimino)methyl)benzoate (7). To a solution of methyl-4-formyl-
benzoate (0.200 g, 1.22 mmol) in 1,2-dichloroethane (6 mL), propargylamine (94 μL,
1.47 mmol, 1.2 eq) was added dropwise and the reaction was magnetically stirred un-
der nitrogen overnight at room temperature. The reaction solvent was then dried with
sodium sulfate, filtered, and evaporated in vacuo and the obtained product was dried
under high vacuum. Compound 7 was isolated as an off-white solid (0.219 g, 1.08 mmol,
89%). 1H-NMR (400 MHz, DMSO-d6) δ: 8.63 (s, 1H), 8.04 (d, J = 8.2 Hz, 2H), 7.92 (d,
J = 8.3 Hz, 2H), 4.56 (t, J = 2.2 Hz, 2H), 3.88 (s, 3H), 3.49 (t, J = 2.5 Hz, 1H). 13C-NMR
(101 MHz, DMSO-d6) δ: 166.26, 161.71, 140.04, 131.91, 130.01, 128.71, 80.08, 78.26, 52.78,
47.39. HRMS (EI) for C12H11NO2 202.0863 [M − H]+, found 202.0870.
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(E)-4-((prop-2-yn-1-ylimino)methyl)phenol (8). To a solution of 4-hydroxybenzadehyde (0.200 g,
1.64 mmol) in 1,2-dichloroethane (6 mL), propargylamine (126 μL, 1.97 mmol, 1.2 eq) was
added dropwise and the reaction was magnetically stirred under nitrogen overnight at
room temperature. The reaction solvent was then dried with sodium sulfate, filtered, and
evaporated in vacuo and the obtained product was dried under high vacuum. Compound
8 was isolated as a light red solid (0.232 g, 1.45 mmol, 88%). 1H-NMR (400 MHz, DMSO-d6)
δ: 9.85 (s, 1H), 8.39 (t, J = 1.7 Hz, 1H), 7.60 (d, J = 8.0 Hz, 2H), 6.83 (d, J = 8.0 Hz, 2H), 4.40 (t,
J = 2.5, 1.7 Hz, 2H), 3.38 (t, J = 2.5 Hz, 1H).13C-NMR (126 MHz, DMSO) δ: 161.90, 160.52,
130.27, 127.48, 115.96, 80.87, 77.50, 47.10. HRMS (EI) for C10H9NO 160.0672 [M − H]+,
found 159.9674.

3,4-Dihydroxy-N-(prop-2-yn-1-yl)benzamide (10). To a stirred solution of 3,4-dihydroxybenzoic
acid (8, R1 = R2 = OH) (0.200 g, 1.30 mmol, 1.0 eq) in acetonitrile (10 mL), propargylamine
(2) (165 μL, 2.55 mmol, 2.0 eq) was added dropwise, resulting in a white precipitate. Sub-
sequently, 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.240 g, 1.55 mmol, 1.2 eq)
was added slowly and the reaction mixture was refluxed overnight with magnetic stirring.
Following the removal of the reaction solvent in vacuo, the product was extracted with
ethyl acetate (3 × 20 mL) from water (10 mL). The combined organic layers were dried
over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude product was
purified by column chromatography on silica gel (3:4 EtOAc/Hex) to obtain compound
10 as a tan-colored solid (0.209 g, 1.09 mmol, 69%): 1H-NMR (400 MHz, DMSO-d6) δ: 9.31
(br s, 2H), 8.56 (s, 1H), 7.29 (s, 1H), 7.20 (d, J = 8.3 Hz, 1H), 6.76 (d, J = 8.3 Hz, 1H), 3.99
(m, 2H), 3.06 (t, J = 2.5 Hz, 1H). 13C-NMR (400 MHz, DMSO-d6) δ: 166.25, 149.02, 145.32,
125.52, 119.51, 115.60, 115.33, 82.20, 72.94, 28.82. HRMS (ESI-TOF) for C10H9NO3 192.0661
[M + H]+, found 192.0663.

4-hydroxy-N-(prop-2-yn-1-yl)benzamide (11). This compound has been prepared previously
by an alternate procedure [13]. To a stirred solution of 4-hydroxybenzoic acid (8, R1 = OH,
R2 = H) (0.200 g, 1.45 mmol, 1.0 eq) in acetonitrile (10 mL), propargylamine (111 μL,
1.74 mmol, 1.2 eq) was added dropwise, resulting in a white precipitate. Subsequently,
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (0.270 g, 1.74 mmol, 1.2 eq) was added
slowly and the reaction mixture was refluxed overnight with magnetic stirring. Following
the removal of the reaction solvent in vacuo, the product was extracted with ethyl acetate
(3 × 20 mL) from water (10 mL). The combined organic layers were dried over anhydrous
Na2SO4 and the solvent was removed in vacuo. The crude product was purified by column
chromatography on silica gel (1:1 EtOAc/Hex) to obtain compound 11 as a tan-colored
solid (0.185 g, 1.06 mmol, 73%) 1H-NMR (400 MHz, DMSO-d6) δ: 10.00 (s, 1H), 8.64 (t,
J = 5.5 Hz, 1H), 7.72 (d, J = 8.0 Hz, 2H), 6.80 (d, J = 8.0, 2H), 4.01 (dd, J = 5.6, 2.5 Hz, 2H),
3.08 (t, J = 2.5 Hz, 1H). 13C-NMR (101 MHz, DMSO-d6) δ: 166.05, 160.75, 129.67, 124.96,
115.29, 82.13, 73.05, 28.80.

2,2-Dimethylbenzo[d][1,3]dioxole-5-carbaldehyde (12). A mixture of 3,4-dihydroxybenzaldehyde
(1) (0.276 g, 2 mmol) and P2O5 (0.141 g, 1 mmol) was stirred in toluene (dry) (100 mL).
Acetone (0.74 mL, 10 mmol) was added and the mixture stirred at 75 ◦C for 3 h. Four
portions of P2O5 (4 × 0.100 g) were added every 30 min during heating. The reaction was
quenched with 25% NaOH (aq) (25 mL) and the toluene solvent removed under vacuum
after separation. The crude solid obtained was purified by column chromatography
(DCM:Hexane, 2:1) to obtain a light brown solid (12) (0.300 g, 1.6 mmol, 80%) identical by
NMR comparison to previously reported material [10,11]: 1H-NMR (400 MHz, DMSO-d6)
δ 9.79 (s, 1H), 7.51 (dd, J = 8.0, 1.6 Hz, 1H), 7.26 (d, J = 1.6 Hz, 1H), 7.06 (d, J = 8.0 Hz, 1H),
1.69 (s, 6H).

N-((2,2-Dimethylbenzo[d][1,3]dioxol-5-yl)methyl)prop-2-yn-1-amine (13). Compound 12 (0.250 g,
1.4 mmol) was dissolved in methanol (dry) (25 mL) and propargylamine (3) (0.13 mL,
2.0 mmol) was added dropwise. The solution was allowed to stir for 1 h and sodium
borohydride (3 × 0.100 g, 8.0 mmol) was added in portions over 30 min. The reaction
was stirred overnight under nitrogen atmosphere and quenched with brine (15 mL). The
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aqueous was extracted using ethyl acetate (25 mL) and solvent dried (Na2SO4), and
evaporated in vacuo to obtain a viscous liquid (13) (0.197 g, 0.91 mmol, 65%): 1H-NMR
(400 MHz, DMSO-d6) δ 6.78 (dd, J = 1.4, 0.7 Hz, 1H), 6.72 (dd, J = 2.9, 1.0 Hz, 2H), 3.62
(s, 2H), 3.24 (d, J = 2.4 Hz, 2H), 3.06 (t, J = 2.4 Hz, 1H), 1.62 (s, 6H). 13C-NMR (101 MHz,
DMSO-d6) δ: δ 147.31, 146.09, 133.86, 121.01, 118.01, 108.70, 108.02, 83.33, 74.13, 51.57, 36.90,
26.00. HRMS (ESI-TOF) for C13H16NO2 218.1181 [M + H]+, found 218.1171.

N-(3,4-Dihydroxybenzyl)prop-2-yn-1-ammonium chloride (14). Compound 13 (0.180 g, 0.82 mmol)
was dissolved in anhydrous methanol (20 mL) and purged with dry HCl for 5 min. The
solution was refluxed overnight. The solvents were evaporated and the solid triturated
with diethyl ether (3 × 5 mL) to obtain blue-black solid (14) (0.165 g, 0.77 mmol, 94%):
1H-NMR (400 MHz, DMSO-d6) δ 9.67 (s, 2H), 7.08–6.66 (m, 3H), 3.96 (brs, 2H), 3.78 (brs,
2H), 3.73 (brs, 1H), 3.17 (brs, 1H). 13C-NMR (101 MHz, DMSO-d6) δ: 146.68, 145.76, 122.25,
121.87, 118.11, 116.12, 80.06, 75.46, 49.32, 35.20. HRMS (ESI-TOF) for C10H12NO2 178.0868
[M + H]+, found 178.0862.

4-((Prop-2-yn-1-ylamino)methyl)benzene-1,2-diol (15). Compound 14 (0.150 g, 0.7 mmol) was
dissolved in methanol (anhydrous) (20 mL) and sodium methoxide (0.040 g, 0.74 mmol)
was added. The mixture was stirred for 2 h at room temperature and quenched with DI
water 1 mL). The mixture was then filtered through celite and the solvent was removed in
vacuo to yield a brown solid (15) (0.105 g, 0.593 mmol, 85%): 1H-NMR (400 MHz, DMSO-d6)
δ 6.71 (d, J = 2.1 Hz, 1H), 6.65 (d, J = 7.9 Hz, 1H), 6.52 (dd, J = 8.0, 2.1 Hz, 1H), 3.54 (s,
2H), 3.22 (d, J = 2.5 Hz, 2H), 3.05 (t, J = 2.4 Hz, 1H). 13C-NMR (101 MHz, DMSO-d6) δ:
145.03, 144.06, 130.74, 118.84, 115.78, 115.32, 82.97, 73.55, 50.93, 36.35. HRMS (ESI-TOF) for
C10H12NO2 178.0868 [M + H]+, found 178.0868.

4. Conclusions

We successfully prepared a number of new polar aromatic substituted terminal alkynes
from propargyl amine and we hope scientists working with thiolated hydrogels will incor-
porate them into their hydrogels and that they will also be used in pharmaceutical chemistry,
with the anticipation that those modified molecules will have interesting new properties.

Supplementary Materials: The following data are available online: 1H and 13C-NMR spectra for
compounds 3–15.
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Abstract: A novel Cu(II) complex based on the Schiff base obtained by the condensation of ortho-
vanillin with gamma-aminobutyric acid was synthesized. The compounds are physico-chemically
characterized by elemental analysis, HR-ESI-MS, FT-IR, and UV-Vis. The complex and the Schiff base
ligand are further structurally identified by single crystal X-ray diffraction and 1H and 13C-NMR,
respectively. The results suggest that the Schiff base are synthesized in excellent yield under mild
reaction conditions in the presence of glacial acetic acid and the crystal structure of its Cu(II) complex
reflects an one-dimensional polymeric compound. The molecular structure of the complex consists
of a Cu(II) ion bound to two singly deprotonated Schiff base bridging ligands that form a CuN2O4

chelation environment, and a coordination sphere with a disordered octahedral geometry.

Keywords: imine; Schiff base; X-ray crystallographic analysis; Cu(II) complex; gamma-amino acid

1. Introduction

Schiff bases have attracted intensive scientific interest mainly because of their ease of
preparation, diverse structural and physico-chemical characteristics, metal binding affinity,
pharmacological and physiological properties. They have been extensively used as ligands
in the coordination chemistry of main group and transition metal ions. These compounds
and their metal complexes have been proved very effective as catalysts in several biological
systems, dyes, polymers, and as bioactive agents in the pharmaceutical and medicinal
fields presenting exceptional antibacterial, antioxidant, antifungal, anticancer, antidiabetic,
and diuretic properties [1–5].

A well-established sub-category of Schiff bases is the amino acid-based Schiff bases.
The incorporation of amino acids in the Schiff base structure enables the design of ligands
with enhanced chirality and multidentate functionality [6]. Several literature reports
confirm the involvement of amino acid Schiff base complexes in a variety of chemical and
biological processes such as the catalysis of transamination, carboxylation and racemization
reactions [7], the oxidation of sulfides and olefins, in polymerization processes, and the
decomposition of H2O2 [8]. Moreover, it has been proved that amino acid Schiff base
complexes can be used as radiotracers in nuclear medicine [9], and as anticancer and
antibacterial agents [10,11].

Until today, a large number of crystallographically characterized metal complexes of
alpha- and beta-amino acid Schiff bases have been reported in the literature [12,13]. However,
only a few metal complexes of Schiff bases derived from gamma-amino acids have been
structurally characterized via X-ray crystallography [14]. Herein, we report the synthesis
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of a novel Cu(II) complex based on a new Schiff base obtained by the condensation of ortho-
vanillin with gamma-aminobutyric acid. The compounds have been physico-chemically
characterized by elemental analysis, HR-ESI-MS, FT-IR, and UV-Visible spectrophotometry.
The complex and the Schiff base ligand have been further structurally identified by single
crystal X-ray and 1H and 13C-NMR, respectively.

2. Results and Discussion

2.1. Synthesis

The Schiff base 3 was synthesized in one step by mixing equimolar quantities of
ortho-vanillin 1 and gamma-aminobutyric acid 2 in the minimum amount of refluxing
MeOH (Scheme 1). After filtration and washing, product 3 was obtained in very good
yield (76%). In order to further improve the yield of the reaction, the application of (a)
glacial acetic acid as a mild acidic agent appropriate for such couplings [15,16], (b) sulfuric
acid as a dehydrating acid [17], and (c) piperidine as one the most commonly used bases
for Schiff base formation of vanillin derivatives [18] was explored (Table 1). Piperidine
seemed to partially “quench” the coupling, leading to lower yields, even after forcing
the product precipitation. The presence of glacial acetic acid increased the yield of the
reaction to almost quantitative (86%), whereas using concentrated sulfuric acid was proved
to be unsuccessful.

Scheme 1. Synthesis of (E)-4-((2-hydroxy-3-methoxybenzylidene)amino)butanoic acid (3).

Table 1. Optimization of the reaction conditions regarding the additive a.

Entry Additive Yield (%) b

1 none 76
2 CH3COOH 86
3 H2SO4

c trace amount
4 piperidine 58 c

a The reactions were carried out using 1.0 mmol of each starting compound and 2 drops of each
additive (0.1 mL), under reflux for 2 h. b Isolated yield after concentration of the solvent to 2/3 of its
volume. c Isolated yield, after further concentration of the solvent to 1/3 of its volume and storage at
−18 ◦C for 48 h.

The structure and purity of compound 3 was confirmed by 1H and 13C-NMR (Supple-
mentary Information, Figures S1–S6). As expected, the methylene protons of the amino acid
unit appeared in the aliphatic region of the 1H-NMR spectrum. H-4 protons (see Figure 1A
numbering) were shifted downfield at 3.60 ppm because of the nitrogen atom. The aromatic
protons appeared according to the standard shift and splitting pattern of 1,2,3-trisubstituted
benzene rings at 6.79, 7.00, and 7.02 ppm. The 13C-NMR spectrum is in good agreement
with the structure and reported data [19,20]. The low-field signals of azomethine, C-7 and
carboxylic carbons were assigned by 2D-NMR experiments (Supplementary Information,
Figures S3–S6) at 166.2, 151.9, and 174.0 ppm, respectively.
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NOESY experiment demonstrated that 3 has the same configuration with the coordi-
nated ligand, since a signal corresponding to azomethine proton (8.53 ppm) and H-9 of the
ring (7.02 ppm) proximity was detected, thus proving the expected E-configuration.

Under standard NMR experiment conditions (0.05 M in DMSO-d6) we were not able
to distinguish the phenolic OH proton from the carboxylic OH proton, due to broadening
of these peaks, leading to the absence of 2D signals. Even by modifying the conditions (con-
centration, temperature, and/or solvent) we did not observe the desired peak sharpening
or appearance of any additional clarifying 2D signals. Since the structural elucidation by
NMR of similar Schiff bases systems incorporating an ortho-hydroxy phenyl unit have been
reported in the literature [19,20], the broad peak at 12.2 ppm was assigned to the carboxylic
proton, whereas the lower-field broad peak at 13.7 ppm was assigned to the deshielded
phenolic proton.

For the synthesis of the heteroleptic Cu(II)-Schiff base complex (4) (Scheme 2) a
thorough exploration of the experimental conditions regarding solvent system, pH, temper-
ature, metal:ligand stoichiometry, and crystallization process was performed. Subsequently,
complex 4 was synthesized from the reaction of Cu(NO3)2·3H2O with the Schiff base in
MeOH at 60 ◦C under reflux conditions, in the presence of sodium hydroxide (NaOH). The
overall stoichiometric reaction leading to complex 4 is shown schematically below:

Scheme 2. Stoichiometric reaction of the heteroleptic Cu(II)-Schiff base complex (4).

The reaction mixture was left to evaporate slowly at room temperature. Dark green
crystalline material emerged in the reaction described above, the analytical composition
of which was consistent with the formulation in complex 4. Positive identification of the
crystalline product was achieved by elemental analysis, FT-IR, HR-ESI-MS, and X-ray
crystallographic analysis of isolated single crystals from complex 4.

Both compounds are stable in air for fairly long periods of time. They readily dissolve
in H2O, methanol (MeOH), dimethylacetamide (DMA), dimethyl sulfoxide (DMSO), and
dimethylformamide (DMF) and are insoluble in acetone, acetonitrile, and dichloromethane
at room temperature.

2.2. Description of X-ray Crystallographic Structure

The X-ray crystal structure of 4 reveals a discrete solid-state lattice. The molecular
structure of 2 is given in Figure 1A; selected bond distances and angles are listed in Table 2.
Complex 4 crystallizes in the monoclinic space group C2/c. The crystal structure reflects an
one-dimensional polymeric compound forming infinite chains along the c crystallographic
axis. The unit cell contains four mononuclear [Cu(C12H14NO4)2] monomeric complex units
and half of a badly disordered lattice MeOH molecule. The molecular structure of the
monomer 4 consists of a Cu(II) ion bound to two singly deprotonated Schiff base bridging
ligands which coordinate through their deprotonated phenolato oxygen atom, the imino
nitrogen atom, and the double bonded oxygen atoms of the protonated carboxylic acid
moieties from two neighboring molecules, thereby giving rise to a CuIIN2O4 chelation
environment, and a coordination sphere reflecting a disordered octahedral geometry
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(Figure 1A). The Cu-N bond lengths are 2.005(2) Å whereas the Cu-O bond lengths are
in the range between 1.9272(16) and 2.6167(19) Å. These values are very similar to the
related bond distances reported in the literature [21]. Intermolecular hydrogen-bonding
interactions arise between the deprotonated phenolic oxygen atoms and the protonated
oxygen atoms of the carboxylic groups from the neighboring monomeric complex units
enforcing the polymeric chains formation and resulting in the final 1D crystal lattice
(Figure 1B, Supplementary Information Table S1).

 
(A) 

 
(B) 

Figure 1. (A) The fully coordinated monomeric complex unit of 4. Carbon group hydrogen atoms and lattice solvent
molecule have been omitted. (B) Part of the polymeric chain of 4 and hydrogen bonding interactions (light blue dotted lines).

Table 2. Bond lengths [Å] and angles [o] for 4.

Bond Lengths (Å)

Cu(1)—O(1) i 2.6167 (19) O(4)—C(12) 1.429 (3)
Cu(1)—O(1) ii 2.6167 (19) O(5)—O(5) iv 1.449 (5)
Cu(1)—N(1) iii 2.005 (2) C(1)—C(2) 1.505 (4)
Cu(1)—O3 iii 1.9272 (16) C(2)—C(3) 1.514 (3)
Cu(1)—N(1) 2.005 (2) C(3)—C(4) 1.510 (3)
Cu(1)—O(3) 1.9272 (16) C(5)—C(6) 1.443 (4)
N(1)—C(4) 1.476 (3) C(6)—C(7) 1.392 (4)
N(1)—C(5) 1.282 (3) C(6)—C(11) 1.406 (4)
O(1)—C(1) 1.203 (3) C(7)—C(8) 1.421 (3)
O(2)—C(1) 1.308 (3) C(8)—C(9) 1.389 (5)
O(3)—C(7) 1.325 (3) C(9)—C(10) 1.373 (5)
O(4)—C(8) 1.363 (4) C(10)—C(11) 1.354 (5)
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Table 2. Cont.

Angles (◦)

O(1) i—Cu(1)—O(1) ii 180 C(8)—O(4)—C(12) 117.5 (3)
O(1) i—Cu(1)—N(1) iii 93.65 (7) O(2)—C(1)—O(1) 122.9 (2)
O(1) ii—Cu(1)—N(1) iii 86.35 (7) O(2)—C(1)—C(2) 114.0 (2)
O(1) i—Cu(1)—O(3) iii 83.34 (7) O(1)—C(1)—C(2) 123.1 (2)
O(1) ii—Cu(1)—O(3) iii 96.66 (7) C(1)—C(2)—C(3) 112.2 (2)
N(1) iii—Cu(1)—O(3) iii 90.23 (8) C(2)—C(3)—C(4) 112.8 (2)

O(1) i—Cu(1)—N(1) 86.35 (7) C(3)—C(4)—N(1) 110.5 (2)
O(1) ii—Cu(1)—N(1) 93.65 (7) N(1)—C(5)—C(6) 126.7 (2)
N(1) iii—Cu(1)—N(1) 180 C(5)—C(6)—C(7) 121.9 (2)
O(3) iii—Cu(1)—N(1) 89.77 (8) C(5)—C(6)—C(11) 117.6 (3)
O(1) i—Cu(1)—O(3) 96.66 (7) C(7)—C(6)—C(11) 120.5 (3)
O(1) ii—Cu(1)—O(3) 83.34 (7) C(6)—C(7)—O(3) 123.9 (2)
N(1) iii—Cu(1)—O(3) 89.77 (8) C(6)—C(7)—C(8) 118.2 (3)
O(3) iii—Cu(1)—O(3) 180 O(3)—C(7)—C(8) 117.8 (3)
N(1)—Cu(1)—O(3) 90.23 (8) C(7)—C(8)—O(4) 114.6 (3)
Cu(1)—N(1)—C(4) 120.85 (16) C(7)—C(8)—C(9) 119.2 (3)
Cu(1)—N(1)—C(5) 122.71 (18) O(4)—C(8)—C(9) 126.2 (3)
C(4)—N(1)—C(5) 116.4 (2) C(8)—C(9)—C(10) 121.5 (3)

Cu(1) v—O(1)—C(1) 124.19 (17) C(9)—C(10)—C(11) 120.1 (3)
Cu(1)—O(3)—C(7) 123.43 (16) C(6)—C(11)—C(10) 120.5 (3)

Cu(1)—O(1) i 2.6167 (19) O(4)—C(12) 1.429 (3)
Cu(1)—O(1) ii 2.6167 (19) O(5)—O(5) iv 1.449 (5)

Symmetry codes: i x, y, z − 1; ii –x + 3/2, −y + 3/2, −z + 3; iii −x + 3/2, −y + 3/2, −z + 2; iv −x + 1, y, −z + 1/2;
v x, y, z + 1.

2.3. FT-IR Spectroscopy

The FT-IR spectrum of the Schiff base 3 (Supplementary Information, Figure S7) shows
a weak band at 3419 cm−1, characteristic of the ν(OH) vibrations [22], which disappears in
the spectrum of complex 4 (Supplementary Information, Figure S7), indicating deprotona-
tion of the OH group upon binding with the Cu(II) ion. The ν(C=N) vibrations are observed
at 1643 cm−1 for Schiff base 3 and at 1598 cm−1 for complex 4, respectively. This lowering
of resonance frequency by 45 cm−1 for the C=N vibration clearly reveals the coordination
of the Cu(II) ion with the imine nitrogen. Moreover, both spectra show broad absorption
bands at about 3068–2758 cm−1 and 3089–2818 cm−1, respectively, which are assigned to
the ν(C–H) stretching vibrations of the aromatic moieties. The absorption bands located at
526 cm−1 and 465 cm−1 in the spectrum of complex 4 can be assigned to the ν(Cu-O) and
ν(Cu-N) vibrations, respectively.

2.4. UV-Vis Spectroscopy

The UV–Vis spectra of the Schiff base 3 and complex 4 were recorded in MeOH at a
concentration of 10−5 M (Figure 2). The electronic absorption spectrum of the Schiff base
shows an absorption band at 293 nm and 417 nm that can be assigned to the π→π* transi-
tions in the aromatic ring and n→π* transitions of the imine moiety, respectively. In the
spectrum of 4, both absorption bands present significant hypsochromic and hyperchromic
shifts compared to the free Schiff base, which can be attributed to the increased conjugation
of the Cu(II)-Schiff base system. More specifically, the absorption band, indicative of the
π→π* transitions, appears at 274 nm whereas the absorption band that arises from the
n→π* transitions is located at 381 nm. No d→d transitions were observed in the spectrum
of 4, potentially because of the low concentration (10−5 M) of the solution. However, addi-
tional measurements at a higher concentration (10−3 M) (inset graph in Figure 2) showed a
broad absorption band at 682 nm, indicative of d→d transitions.
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Figure 2. UV-Vis spectra of the Schiff base 3 (blue line) and complex 4 (red line) in MeOH at
a concentration of 10−5 M. The inset graph presents the d-d transitions observed in MeOH at a
concentration of 10−3 M.

3. Materials and Methods

The following starting materials were purchased from commercial sources (Sigma,
Fluka, St. Louis, MO, USA) and were used without further purification: Gamma-aminobutyric
acid, ortho-vanillin, copper nitrate trihydrate [Cu(NO3)2·3H2O], and sodium hydroxide
(NaOH) pellets. Solvents: ethanol (EtOH), methanol (MeOH). The isolated and dried under
vacuum at room temperature compounds are air-stable. Fourier transform-infrared (FT-IR)
spectra were recorded on a Perkin Elmer 1760X spectrometer (Perkin-Elmer, San Francisco,
CA, USA). A ThermoFinnigan Flash EA 1112 CHNS elemental analyzer (Waltham, MA,
USA) was used for the simultaneous determination of carbon, hydrogen, and nitrogen (%).
The analyzer operation is based on the dynamic flash combustion of the sample (at 1800 ◦C)
followed by reduction, trapping, complete GC separation, and detection of the products.
The instrument is fully automated and controlled by PC via the Eager 300 dedicated soft-
ware (Thermo Fischer, Waltham, MA, USA). High resolution electrospray spray ionization
mass spectra (HR-ESI-MS) of the Schiff base (1) and its Cu(II) complex (2) were obtained on
UHPLC LC-MSn Orbitrap Velos-Thermo instrument (Thermo Scientific; Bremen, Germany)
in the Institute of Biology, Medicinal Chemistry and Biotechnology of the National Hel-
lenic Research Foundation. NMR spectra were recorded with a Bruker Avance 500 MHz
spectrometer (Bruker, Rheinstetten, Germany) operating at 500 MHz (1H) and 125 MHz
(13C). Chemical shifts are reported in ppm relative to DMSO-d6 (1H: δ = 2.50 ppm, 13C:
δ = 39.52 ± 0.06 ppm). NMR spectra assignments follow the numbering of the crystallo-
graphic analysis (Figure 1A). UV-Visible (UV-Vis) measurements were carried out on a
Hitachi U2001 spectrophotometer (Hitachi, Tokyo, Japan) in the range from 200 to 800 nm.

3.1. Synthesis
3.1.1. (E)-4-[(2-Hydroxy-3-methoxybenzylidene)amino]butanoic Acid (3)

Ortho-vanillin 1 (152 mg, 1.0 mmol) dissolved in 0.5 mL MeOH, was added in a
refluxing methanolic solution (6.5 mL) of gamma-aminobutyric acid 2 (103 mg, 1.0 mmol).
Two drops of glacial acetic acid (0.1 mL, 1.75 mmol) were added and the resulting clear
solution was stirred for 2 h. Upon completion of the reaction, the solvent was allowed to
distill off by removing the reflux apparatus until reaching approximately 2/3 of its volume.
Then, the solution was cooled to room temperature to afford the product as crystal needles.
The bright yellow product (204 mg, 0.86 mmol, 86%) was filtered, washed once with a small
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volume of ice-cold MeOH and dried under vacuum. 1H-NMR (500 MHz, DMSO-d6): 1.86
(quint, J = 7.0 Hz, 2H, H-3), 2.29 (t, J = 7.0 Hz, 2H, H-2), 3.60 (t, J = 7.0 Hz, 2H, H-4), 3.77
(s, 3H, OMe), 6.79 (t, J = 7.9 Hz, 1H, H-10), 7.00 (t, J = 7.9 Hz, 1H, H-11), 7.02 (t, J = 7.9 Hz,
1H, H-9), 8.53 (s, 1H, H-5), 12.2 (br, 1H, COOH), 13.7 (br, 1H, OH) ppm; 13C-NMR (125 MHz,
DMSO-d6): 25.8 (C-3), 31.2 (C-2), 55.7 (OMe), 57.0 (C-4), 114.7 (C-9), 117.5 (C-10), 118.2 (C-6),
123.1 (H-11), 148.1 (C-8), 151.9 (C-7), 166.2 (C-5), 174.0 (COOH) ppm; Anal. Calcd for
1, C12H15NO4: C, 60.75; H, 6.37; N, 5.90. Found: C, 60.69; H, 6.31; N, 5.94. HR-ESI-MS
(positive mode), calcd. for [(C12H15NO4) + H]+ m/z = 238.1079, found m/z = 238.1076.

3.1.2. Synthesis of [Cu(C12H14NO4)2]n·nO (4)

To a solution of ortho-vanillin 1 (0.15 g, 1.0 mmol) in MeOH (10 mL) gamma-aminobutyric
acid 2 (0.10 g, 1.0 mmol) was added under stirring. The resulting yellow solution was
refluxed for two hours at 60 ◦C under continuous stirring and then cooled to room temper-
ature. Subsequently, a solution of Cu(NO3)2·3H2O (0.12 g, 0.5 mmol) in MeOH (10 mL)
was added under continuous stirring. The resulting clear, green reaction mixture was
refluxed for an additional 2 h at 60 ◦C and then cooled to room temperature. To that,
NaOH (0.04 g, 1 mmol) was added under continuous stirring. The resulting homogeneous
dark green reaction mixture was refluxed at 60 ◦C for an additional 2 h and then cooled to
room temperature. Subsequently, the reaction flask was left to evaporate slowly at room
temperature. One week later, dark green plate-like crystalline material precipitated at the
bottom of the flask. The product was isolated by filtration and dried in vacuo. Yield: 0.14 g
(52%). Anal. Calcd for 2, [Cu(C12H14NO4)2]n·nO. (C24H28CuN2O9, Mr 540.04): C, 53.38;
H, 5.23; N, 5.19. Found: C, 53.36; H, 5.18; N, 5.14. HR-ESI-MS (positive mode), calcd, for
{[Cu(C12H14NO4)2] + H}+ m/z = 536.1219, found m/z = 536.1215.

3.2. X-ray Crystal Structure Determination

X-ray quality crystals of 4 were grown from MeOH. Crystals of 4 suitable for X-ray
diffraction, with dimensions 0.14 × 0.09 × 0.05 mm were taken from the mother liquor
and mounted at room temperature on a Bruker Kappa APEX 2 diffractometer (Bruker AXS,
Madison, WI, USA), equipped with a triumph monochromator, using Mo Kα radiation.
Cell dimensions and crystal system determination were performed using 172 high θ

reflections with 10◦ < θ < 20◦. Data collection (ϕ- and ω- scans) and processing (cell
refinement, data reduction and numerical absorption correction based on dimensions)
were performed using the SAINT and SADABS programs [23,24]. The structure was
solved by the SUPERFLIP package [25]. The CRYSTALS version 14.61 build 6236 program
package was used for structure refinement (full-matrix least-squares methods on F2) and
all subsequently remaining calculations [26]. Molecular illustrations were drawn using
the CAMERON crystallographic package [27]. All non-hydrogen non-disordered atoms
were anisotropically refined. All hydrogen atoms were found at their expected positions
and were refined using proper riding constraints to the pivot atoms. Crystallographic
details for 4 are summarized in Table S3 (Supplementary Information). Further details
on the crystallographic studies as well as atomic displacement parameters are given as
Supporting Information as well as in the form of cif file.

4. Conclusions

Two novel compounds, the Schiff base (E)-4-[(2-hydroxy-3-methoxybenzylidene)-
amino]butanoic acid and its Cu(II) complex were prepared in good yields and purity. The
compounds have been physico-chemically and structurally characterized via elemental
analysis, HR-ESI-MS, FT-IR, UV-Vis, NMR, and single crystal X-ray diffraction. The crystal
structure of the produced Cu(II) complex reflects an one-dimensional polymeric compound.
The Cu(II) ion is bound to two singly deprotonated Schiff base bridging ligands forming a
CuIIN2O4 chelation environment, and a coordination sphere with a disordered octahedral
geometry. Further investigation is underway to determine the biological activities of a
library of analogue derivatives.
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Supplementary Materials: The following are available online. Table S1. Hydrogen bonds in 4.
Table S2: Summary of crystal, intensity collection and refinement data for [Cu(C12H14NO4)2]n·nO
(4). Figure S1. 1H-NMR spectrum of compound 3 in DMSO-d6. Figure S2. 13C-NMR spectrum
of compound 3 in DMSO-d6. Figure S3. 1H-1H COSY spectrum of compound 3 in DMSO-d6.
Figure S4. 1H-13C HMBC spectrum of compound 3 in DMSO-d6. Figure S5. 1H-13C HSQC spectrum
of compound 3 in DMSO-d6. Figure S6. 1H-1H NOESY spectrum of compound 3 in DMSO-d6.
Figure S7. FT-IR spectra of Schiff base 3 and complex 4. Figure S8. HRMS Spectra of the Schiff base
3. Figure S9. HRMS Spectrum of the complex 4. CCDC 2051769 (4) contains the supplementary
crystallographic data for this paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (+44)-1223-336-033; or deposit@ccde.cam.ac.uk).
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Abstract: An [Ru(apy)2Cl2] precursor (apy = 2,2′-azopyridine) in 2-methoxyethanol was heated under
a pressurized CO atmosphere to afford a diradical complex, [Ru(apy·−)2(CO)2], containing one-
electron-reduced azo anion radical ligands. The electronic states of the complex were characterized by
spectroscopic techniques and computational studies. Magnetic measurements revealed the existence
of antiferromagnetic interactions in the diradical complex.

Keywords: ruthenium; carbonyl complex; azopyridine; anion radical; electronic structure; mag-
netic properties

1. Introduction

The oxidation number of the central metal atom in a complex generally determines the
electronic states of the complex. In a metal complex containing a redox-active non-innocent
ligand, conversely, ligands as well as the metal centers can also control the electronic states
of the complex. For example, azo compounds can directly accept one or two electrons
because they have a low-lying azo-centered vacant π* molecular orbital (Scheme 1) [1].
Due to this property, many transition metal complexes, particularly those in groups 7 and
8, containing azopyridyl ligands, e.g., 2,2′-azopyridine (apy) and 2-phenylazopyridine
(pap), (Figure 1a), have been reported [2–7]. Based on numerous studies, metal complexes
containing non-innocent azo ligands are expected to be applied to multifunctional materials
which surpass conventional magnetic materials, such as metal oxides [8,9].

 

Scheme 1. Two-step electron transfers in azo compounds.

 
Figure 1. Chemical structures of (a) azopyridines; (b) The Ru-complex presented in this study.
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We have previously reported the synthesis and properties of a monocarbonylruthe-
nium(II) complex containing two azopyridine molecules [10]. All the azopyridyl ligands in
the monocarbonyl complex were neutral (nonradical, singlet state: S = 0). In contrast, the
newly synthesized dicarbonylruthenium(II) complex in this work (Figure 1b) experimen-
tally and theoretically revealed that both the azopyridyl ligands are coordinated as anion
radicals (triplet state: S = 1). Additionally, the magnetic properties of the diradical complex
were examined.

2. Results and Discussion

2.1. Synthesis and Characterization of the Diradical Complex

We previously reported the detailed characterization, including X-ray crystallography,
of the monocarbonyl complex ([Ru(pap)2(CO)Cl]+) [10]. In this report, we confirmed that
the two azo ligands were neutral in the monocarbonyl complex. Meanwhile, two carbonyl
stretching frequencies in the newly prepared dicarbonyl complex were observed at 2060
and 1995 cm−1 in the IR spectra (Figure S1). These values are 30–40 cm−1 lower than those
of similar Ru complexes ([Ru(N-N)2(CO)2]2+; N-N = bidentate pyridyl ligands) [11–13]. The
reason is that the reduction of the azo moiety increases the electron density of the complex,
resulting in a red shift of the CO bands [5]. Additionally, no peaks assignable to the present
complex were observed in the mass spectra, and its 1H-NMR spectrum was silent. It is,
therefore, interpreted that the introduction of two CO molecules, which function as ligand
and reducing agents, led to the selective formation of the diradical neutral complex, in
which both the azo ligands underwent one-electron reduction (Equation (1)).

[RuII(apy)2Cl2] + 2CO → [RuII(apy·−)2(CO)2] + 2Cl− (1)

2.2. Electronic Structure Analysis

We performed quantum chemical calculations for both the diradical and the corre-
sponding nonradical complexes to evaluate their stability (Figure S2). The adiabatic energy
gap between the two complexes in methanol were calculated (1530.0478 Hartree for the
nonradical state and 1530.3652 Hartree for the diradical one) [14]. The results indicate that
the diradical state is 30.75 kcal/mol more stable than the nonradical one. Figure 2 shows
the spin densities in the optimized structures. Since the spin densities of both azo sites in
the diradical state are 0.623, the azo site is the primary spin-bearing center.

Figure 2. Spin density analyses for [Ru(apy·−)2(CO)2], calculated at the DFT/B3LYP/LanL2DZ/6-
31G(d) level of theory.
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Figure 3a shows the estimated absorption spectra of the nonradical (S = 0) and diradi-
cal complexes (S = 1) using time-dependent density functional theory (TDDFT) calculations.
It is presumed that the nonradical complex exhibits absorption maximum around 400 nm,
while the diradical one exhibits absorptions around 350 and 470 nm. Since the latter values
are consistent with the spectral data of the prepared complex (λmax = 355 and 487 nm;
Figure 3b), computational results also suggested that the present complex contains two
anion radical ligands (apy·−).

Figure 3. (a) The theoretical absorption spectra calculated for the singlet and triplet spin configu-
rations of [Ru(apy)2(CO)2]2+/0 at the TDDFT/B3LYP/LanL2DZ/6-31G(d) level of theory; (b) The
absorption spectrum of [Ru(apy·−)2(CO)2].

2.3. Magnetic Properties

To experimentally confirm that the present complex is a radical complex with unpaired
spins, we carried out measurements of the dependence of the magnetic moment on the
external magnetic field (M-H properties). Since M = χH (M: magnetic moment, H: external
applied magnetic field, χ: magnetic molar susceptibility) is satisfied within the tempera-
ture range measured, the complex is the radical complex, which displays paramagnetic
properties. Additionally, the Curie–Weiss law defined by Equation (2) (C: Curie constant, T:
absolute temperature, θ: Weiss constant) is satisfied in the low-temperature region bearing
on the temperature dependence of the magnetic susceptibility (the applied magnetic field
of 10000 Oe) as shown in Figure 4; the Weiss constant is negative (θ = −10.7 K), suggesting
that antiferromagnetic interactions exist between the spins in each radical [5].

χ = C/(T − θ) (2)

Figure 4. Temperature dependence of the inverse molar magnetic susceptibility for
[Ru(apy·−)2(CO)2].
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In summary, we have found that the electronic state of an azo ligand can be controlled
by the number of coordinated carbonyls, i.e., the monocarbonyl complex has neutral
azo ligands, whereas the corresponding dicarbonyl one led to anion radicals. The latter
complex exhibited paramagnetic and antiferromagnetic interactions between the spins in
each radical. Further studies using analogous compounds are underway, directed toward
the development of multifunctional materials in detail.

3. Materials and Methods

3.1. Measurements

The infrared (IR) spectra were obtained using a JASCO FT-IR 4100 spectrometer
(JASCO Corporation, Hachioji, Japan). The elemental analysis data were obtained on
a Perkin-Elmer 2400II series CHN analyzer (Perkin-Elmer, Inc., Waltham, MA, USA).
The absorption spectra were obtained on a JASCO V-560 spectrophotometer (JASCO
Corporation, Hachioji, Japan). The magnetic susceptibilities of the complex were recorded
on a SQUID magnetometer (MPMS, Quantum Design, Inc., San Diego, CA, USA) in the
temperature range of 5–300 K. DFT and TDDFT calculations were performed using the
quantum chemical program, Gaussian 16 [15]. The geometries of the complex in its singlet
(S = 0) or triplet (S = 1) states were fully optimized by restricted (singlet) or unrestricted
(triplet) DFT methods employing the B3LYP function [16,17], with a 6-31G(d) basis set for
the light elements [18,19] and a LanL2DZ basis set [20] for the Ru atom. The solvent effect of
methanol was evaluated using an implicit solvent model, and a conductor-like polarizable
continuum model (CPCM). Vibrational analyses were performed at the same calculation
level employed for geometry optimization. The spin density analyses were also calculated
at the optimized geometry. Excited-state calculations based on the B3LYP-optimized
geometries were conducted for the TDDFT formalism in methanol using the CPCM.

3.2. Synthesis of the Complex

The compound, 2,2′-azopyridine (apy), and the starting material ([Ru(apy)2Cl2])
were prepared according to known procedures or through modification of published
methods [21,22].

A solution of [Ru(apy)2Cl2] (38 mg, 0.071 mmol) in 2-methoxyethanol (40 mL) was
heated to 100 ◦C under an atmosphere of CO (2 MPa) for 72 h. The volume was reduced
to 5 mL using a rotary evaporator, and a black precipitate was formed by the addition
of diethyl ether. The product was collected by filtration, washed with diethyl ether, and
dried in vacuo. The crude product was recrystallized from dichloromethane and diethyl
ether. Yield: 33 mg (88%). Anal. Calc. for C22H16N8O2Ru·2.5CH2Cl2: C, 39.88; H, 2.87;
N, 15.19. Found: C, 39.82; H, 2.89; N, 15.28%. IR (KBr): ν = 2060 and 1995 cm−1 (C≡O).
UV-vis (dimethyl sulfoxide): λmax/nm (ε/M−1 cm−1) 355 (6800) and 487 (2900).

Supplementary Materials: The following are available online, Figure S1: The IR spectrum of
[Ru(apy·−)2(CO)2] (KBr method), Figure S2: Optimized structures of [Ru(apy·−)2(CO)2] and
[Ru(apy)2(CO)2]2+ (in MeOH).
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T.K.; investigation, T.T.; writing—original draft preparation, T.T.; writing—review and editing, D.O.;
supervision, D.O.; funding acquisition, D.O. All authors have read and agreed to the published
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Abstract: The X-ray structure of the title compound has been determined for the first time. Data on
its 1H–13C-NMR coupling constants and 15N-NMR spectrum are also given.
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1. Introduction

The fundamental heterocyclic compound hexahydro-1,4-diazepine or “homopiper-
azine” 1 was first reported in 1899 [1,2] and a convenient industrial preparation was
described in 1961 [3]. At present, it is commercially available from several major suppliers
and it has recently found various applications, including as a component of liquids for CO2
capture [4] and as a component of various organic and organic/inorganic supramolecular
ionic salts and transition metal complexes. In these latter applications, the materials are
often characterised by X-ray diffraction and so there are a large number of X-ray struc-
tures involving a homopiperazinium dication in salts or mixed salts with, for example,
carboxylic acids [5–7], potassium perchlorate [8], ammonium perchlorate [9], manganese
sulfate oxalate [10], cobalt sulfate [11], zinc phosphate [12], arsenic oxide [13], tellurium
phosphate [14], cadmium phosphate [15], cadmium chlorides [16,17], lead bromide [18],
bismuth iodide [19], uranium fluoride [20] and uranium sulfate [21]. There are also a
significant number of structures in which homopiperazine acts as a bidentate ligand on
nickel [22,23], copper [24] and platinum [25–28]. However, in all of these, the structure is
significantly distorted either by protonation or metal complexation, and it appears that
the X-ray structure of homopiperazine on its own has not so far been determined, quite
possibly because its low melting point of 42 ◦C [2] makes it difficult to obtain suitable
crystals. We have now determined its structure and present here the result as well as
several key NMR parameters.

2. Results

Crystals suitable for diffraction were obtained from the inner surface of a commercial
bottle (Sigma Aldrich) which had been stored for >5 years, allowing slow sublimation. The
resulting structure (Figure 1) shows how three adjacent molecules are aligned with the NH
atoms of the central ring, viewed from above, hydrogen-bonding to the nitrogen lone pairs
of the molecules on either side, which are viewed side-on. The bond lengths and angles in
the symmetrical molecule are unremarkable, with the exception of the carbon–carbon bond
of the N–CH2–CH2–N moiety, which is rather long at 1.603(10) Å. This may be compared
with a mean value of 1.524 Å for sp3 CH2–CH2 in general [29] and is in stark contrast to
the values of 1.5204(15) and 1.5190(15) Å observed in piperazine hydrate [30], the value
of 1.513(2) Å in the monoprotonated homopiperazinium perchlorate [31] and 1.521(4) Å
in an N,N’-dibenzylatedhomopiperazine [32]. The reason for the long bond in this case is
unclear, although other examples of such long NCH2–CH2N bonds have been located [33].
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Figure 1. Molecular structure of 1 with anisotropic displacement ellipsoids drawn at 50% probability
level and showing numbering system used. Bond lengths and angles: N(1)–C(2) 1.455(5), C(2)–C(3)
1.481(5), N(1)–C(4) 1.470(5), C(4)–C(4A) 1.603(10), N(1)–H(1) 0.977(7) Å; C(2)–N(1)–C(4) 112.0(3),
N(1)–C(4)–C(4A) 111.0(3), N(1)–C(2)–C(3) 114.9(4), C(2)–C(3)–C(2A) 114.8(6)◦. Symmetry operator to
generate the whole molecule is −X + 1, −Y, Z.

The conformation of 1 is shown in Figure 2 and the N–C–C–N torsion angle of 58.2(4)◦
confirms that the left-hand end of the molecule has an almost ideal chair-type conformation,
which is only slightly distorted by the insertion of the extra atom at the right-hand end. The
two nitrogen lone pairs are aligned in opposite directions, which facilitates the formation
of a hydrogen-bonded network due to interaction with the NH of adjacent molecules, as
shown in Figure 1. The hydrogen-bonding parameters (Table 1) are well within the normal
ranges. It should be noted that the present structure is quite different from previously
reported structures of both metal complexes and protonated salts of 1 since, in the former
case, coordination of the nitrogen lone pairs to the metal dominates, whereas, in the latter,
protonation removes any opportunity for hydrogen bonding.

Figure 2. Structures of 1 showing IUPAC numbering and observed conformation.

Table 1. Hydrogen bonding parameters for 1 (Å, ◦).

D—H . . . A D—H H . . . A D . . . A D—H . . . A

N(1)–H(1) . . .
N(1B) 0.977(7) 2.21(3) 3.189(4) 175(4)

The symmetry operator to generate N(1B) is Y + 1, −X + 1, −Z + 1.

The 1H and 13C NMR spectra for 1 are documented in D2O in a recent publication [4]
along with HSQC and HMBC spectra, allowing complete and unambiguous assignment.
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Our data in CDCl3 were in good agreement with these values but, by recording the non-1H-
decoupled 13C spectrum, all three values of 1JC–H were readily determined as 1J C(2)–H(2)
132.6 Hz, 1J C(5)–H(5) 132.7 Hz, 1J C(6)–H(6) 124.3 Hz, and, in addition, 2J C(6)–H(5/7)
could be measured as 2.6 Hz. The remaining 2JC–H values as well as longer-range couplings
were not readily determined due to the complexity of the signals. The larger values of
1JC–H for CH2N are in agreement with literature reports with values of 136.1 Hz for C-3 of
a tetrahydroisoquinoline [34] and 132.0–139.0 Hz for C-4/5 of imidazolidines [35], while
the value for C(6)–H(6) is in good agreement with 124.6 Hz for cyclohexane [36].

Finally, the 15N NMR signal observed at −344.6 ppm with respect to MeNO2 is in
good agreement with those for similar cyclic secondary amines such as piperidine (−342.3)
and pyrrolidine (−342.6) [37].

In summary, we obtained the X-ray crystal structure of homopiperazine for the first
time and found the molecule to exist in a pseudo-chair conformation, with each NH acting
both as a hydrogen-bonding donor and acceptor, leading to a complex network structure
overall. The values of the three one-bond CH coupling constants and the 15N chemical
shift have been determined from its NMR spectra.

3. Experimental

The structure was determined on a Rigaku XtalLAB P200 diffractometer using graphite
monochromated Mo Kα radiation λ = 0.71075 Å.

Crystal data for C5H12N2, M = 100.16 g mol−1, colourless prism, crystal dimen-
sions 0.10 × 0.10 × 0.10 mm3, tetragonal, space group I–42d (No. 122), a = b = 7.208(2),
c = 23.094(7) Å, α = β = γ = 90.00◦, V = 1199.9(6) Å3, Z = 8, Dcalc = 1.109 g cm−3, T = 93 K,
R1 = 0.0637, Rw2 = 0.1633 for 536 reflections with I > 2σ(I), and 37 variables, Rint 0.0374,
goodness of fit on F2 1.137. Data have been deposited at the Cambridge Crystallographic
Data Centre as CCDC 2049324. The data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via http://www.ccdc.cam.ac.uk/getstructures (accessed on
30 March 2021). The structure was solved by direct methods and refined by full-matrix
least-squares against F2 (SHELXL Version 2018/3 [38]).

NMR spectra were recorded using a Bruker (Bruker, Billerica, MA, USA) AV instru-
ment at 75.458 MHz (13C) and a Bruker AVIII-HD instrument at 50.69 MHz (15N) in CDCl3
with chemical shifts given with respect to Me4Si (13C) and MeNO2 (15N) and coupling
constants in Hz.

δC (non-decoupled) 33.3 (t of quintets, 1J 124.3, 2J 2.6, C-6), 47.8 (t of m, 1J 132.7, C-5,7),
51.5 (t of m, 1J 132.6, C-2,3); δN –344.6.

Supplementary Materials: The following are available online, Figure S1: Undecoupled 13C-NMR
spectrum of 1; Figure S2: Undecoupled 13C-NMR spectrum of 1—expansion of C-6 signal; Figure S3:
15N-NMR spectrum of 1.
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