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Abstract

The title compound, 3-(diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione (6), was prepared
by reaction of diphenylamine (2) with diethyl squarate (DES; 5) as part of our ongoing stud-
ies on monosquarate-amides. Following purification and recrystallisation, the product was
isolated as a green crystalline solid. Its structure was established by spectroscopic methods,
including FTIR, '"H NMR, 3C NMR and HRMS, and was unambiguously confirmed by
single-crystal X-ray diffraction. This work provides access to a previously unreported
diphenylamino-substituted squaric acid derivative.
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1. Introduction

Squaric acid (3,4-dihydroxycyclobut-3-ene-1,2-dione) derivatives continue to attract
considerable attention because the cyclobut-3-ene-1,2-dione core provides a compact,
highly electron-deficient and conjugated scaffold that can be readily derivatised to fur-
nish a vast range of structurally diverse compounds with value in synthetic, coordination,
medicinal and materials chemistry [1-3]. Due to the poor solubility of squaric acid in
traditional organic solvents, they are usually used in synthetic transformations as their
squarate esters [4—6]. These species can react with nucleophilic 1° and 2° amines to af-
ford monosquarate amides, where 1.0 Equiv. of amine is used, or bis-squaramides (where
2.0 Equiv. of amine are introduced) [7-9]. Where monosubstituted derivatives are con-
cerned and the remaining O-alkoxy group is retained, they are called monosquarate-amides.
This ‘ester” group can be hydrolysed under strong acidic or basic conditions to afford
monosquaramides that bear a free OH group in place of the OR group [10,11]. We have
reported our ongoing interest in the preparation of novel monosquarate-amides function-
alised with anilino, benzylamino or heterocyclic amines, as part of a broader research
program focused on the synthesis and study of squaric acid-derived building blocks for
drug discovery [12-14].

As part of our continuing efforts towards the synthesis of novel monosquarate-amides,
we sought to extend this chemistry to more highly functionalised aniline-like coupling
partners. In this context, diphenylamine was identified as an attractive nucleophile. Be-
yond its synthetic relevance as an aromatic amine derivative, the diphenylamino group
presents an electron-rich system that has been incorporated into a range of squaric acid-
derived templates with broad applications [15-17]. In particular, diphenylamine-containing
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squaraines systems have been investigated in materials chemistry and optoelectronic appli-
cations where the diphenylamino unit contributes favourable electronic and conjugative
properties [15,16,18].

More directly relevant to the present work, literature precedent shows that
3-(diphenylamino)-4-isopropoxycyclobut-3-ene-1,2-dione (3) is a known monosquarate-
amide. This compound has served as a useful synthetic precursor to 3-(diphenylamino)-
4-hydroxycyclobut-3-ene-1,2-dione (4; Scheme 1) [19]. The hydrolysed product (4) has
subsequently been used as a ligand in both lanthanide and first-row transition metal chem-
istry and has also been considered in related ruthenium coordination studies [16,19,20].
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Scheme 1. Referenced procedure for the synthesis of 3 (3-(diphenylamino)-4-isopropoxycyclobut-3-
ene-1,2-dione) followed by acidic hydrolysis to yield 4 (3-(diphenylamino)-4-hydroxycyclobut-3-ene-
1,2-dione).

Accordingly, we explored the coupling of diethyl squarate (5; a common precursor
observed in squaric acid chemistry) with diphenylamine (2) in order to access the title
compound, 3-(diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione (6). Although the related
structures 3 and 4 are known, the corresponding ethoxy derivative (6) has previously been
unreported [16,19]. Herein, we describe the synthesis, spectroscopic characterisation and
single-crystal X-ray structure determination of compound 6.

2. Results and Discussion
2.1. Chemical Synthesis

The synthesis of 3-(diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione (6) was achieved
via the coupling of diethyl squarate (5) with diphenylamine (2) according to a modified
literature procedure in 50% yield (Scheme 2) [19]. Upon dissolution of the starting materials,
the reaction mixture rapidly developed an intense green colour, which became progressively
deeper over the course of the reaction. This visual change is indicative of the formation of
the highly conjugated diphenylamino monosquarate-amide. The reaction was conducted
in EtOH, which is an appropriate solvent for this transformation, as 5 bears two ethoxy
substituents, which are regenerated following nucleophilic attack and proton transfer.
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Scheme 2. Synthesis of 6 (3-(diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione).

Reaction progress was monitored by TLC (55% EtOAc:Hexane), which revealed the

presence of a new product spot (R¢ = 0.54). This new spot possessed greater polarity than

that of DES (5) (R = 0.84). Following workup and purification by column chromatography

(55% EtOAc:Hexane), the desired product was isolated as a blue/green solid. Subsequent

recrystallisation from hot EtOAc afforded the title compound (6) as a green crystalline solid

suitable for single-crystal X-ray diffraction (SXD).

Product formation was confirmed initially by NMR spectroscopy. In the 'H NMR

spectrum (Figure 1), signals attributable to the diphenylamino substituent corresponded

to a total of 10 aromatic protons, consistently with the presence of two phenyl rings. In

addition, the 'H NMR spectrum retained the characteristic resonances of a single ethoxy

group (a quartet integrating for two protons at 4.61 ppm and a triplet integrating for

three protons at 1.24 ppm), confirming that monosubstitution had occurred and that one

ethoxy group remained. These signals were observed as a quartet at 4.61 ppm and a triplet
at 1.24 ppm, corresponding to the methylene and terminal methyl protons of the OEt

group respectively.
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Figure 1. "H NMR spectrum of 3-(diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione (6).
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Further support for formation of the monosquarate derivative (6) was provided by the
13C NMR spectrum (Figure 2), recorded in DMSO-ds. In addition to the expected aromatic
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resonance signals, peaks assignable to the retained ethoxy substituent were observed at
69.3 ppm for the methylene carbon and at 15.3 ppm for the terminal methyl group.
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Figure 2. 13C NMR spectrum of 3-(diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione (6).

2.2. X-Ray Crystallography

The crystal structure of 3-(diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione (6) was
determined by SXD, experimental details for which are supplied in the Supporting Infor-
mation. Tables of atomic coordinates and atomic displacement parameters plus derived
bond lengths and angles are also supplied (Table Sla—e). The molecules pack in space
group P2, /c with the CHj3 of the OEt group disordered over two positions labelled A and
B. The fractional site occupation for A and B refines as 54.7 (4)% and 45.3 (4)%. The site
occupations are not equal, as site B cannot be occupied simultaneously by two adjacent
molecules, as shown in Figure 3, where Case 1, in which adjacent molecules have the CHs
group both in position A, occurs with a probability of approximately 28%; Case 2, in which
one of the molecules has the CHj3 group in position A and the other in position B, occurs
with a probability of approximately 72% (i.e., 36% as AB and 36% as BA); Case 3 occurs
with a probability of 0% due to the short distance between positions B and B resulting in
unfavourable steric interactions.

A search of the CCDC database for the 3-(Diphenylamino)-cyclobut-3-ene-1,2-dione
core motif revealed only a limited number of related structures. For the known structures,
analysis of the conformation of the phenyl rings with respect to the plane of the squaric
acid for the hydrate, the acid DMSO solvate, a first-row transition metal complex (Zn salt)
and a hydrated lanthanide salt revealed only minor variability in the twist of the phenyl
rings, comparable to the twist determined from compound 6 [16,19,20]. Torsion angles
calculated using Mercury are 38° and 49°, with the difference of about 10° between the two
rings being similar to that observed for the other derivatives listed.

https:/ /doi.org/10.3390/M2182


https://doi.org/10.3390/M2182

Molbank 2026, 2026, M2182

50f8

Case 1 o

Case 2

Case 3

Figure 3. Ball and stick representation of two molecules of 3-(diphenylamino)-4-ethoxycyclobut-3-
ene-1,2-dione (6) from X-ray crystallography showing conformational disorder of the ethoxy group.

3. Materials and Methods
3.1. Synthesis: General Information

The reaction detailed was conducted in oven-dried /flame-dried glassware and under
an inert atmosphere. Commercially available reagents purchased from Sigma Aldrich
(Doreset, England), Acros Organic (Leicestershire, England) and Fluorochem (Glossop,
England) were used without further purification. Analytical thin-layer chromatography
(TLC) was performed on silica gel plates (Doreset, England); 60 A, Fy54, aluminium-backed
visualised with the aid of a UV lamp (254 nm). Column chromatography was performed
on silica gel (60-230 mesh). Dry loading for chromatography used the aforementioned
silica gel. The pure isolated product was dried via a high-vacuum pump (Vacuubrand,
Littleborough, England), Rotary vane pump RZ 2.5; 4 x 10~% mbar.

'H NMR spectra were recorded on a Bruker AV400 at 400 MHz in DMSO-dg (Coventry,
England). Observed signals are reported as follows: chemical shift in parts per million
with the solvent as an internal standard, ((CD3),SO 6 2.50 ppm), multiplicity (s = singlet,
d = doublet, t = triplet, q = quartet, dd = doublet of doublets, m = multiplet or overlap
of non-equivalent resonances, and br = broad), and integration. 3C NMR spectra were
recorded at 151 MHz in DMSO-dg, and the observed signals were reported in the same
format as that presented for 'H NMR data: chemical shift in parts per million. Coupling
constants (J) are reported in Hertz (Hz). All 'H NMR spectra were obtained at 297.8 K, and
13C NMR experiments when run in (CD3),SO were obtained at 318 K. Sample melting point
was determined using Gallenkamp melting point apparatus MPD350.BM2.5. Elemental
(CHN) analysis was conducted at London Metropolitan University using a ThermoFisher
ThermoFlash 2000 CHNS/O analyser (Leicestershire, England). SXD measurements were
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made using an Agilent Oxford Diffraction SuperNova (Cheshire, England) equipped with
a microfocus Cu Ko X-ray source and the HyPix Arc 100 hybrid pixel detector (Rigaku,
Tokyo, Japan).

3.2. Synthesis of 3-(Diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione (6)

To DES (5) (1.0 g, 0.86 mL, 5.88 mmol, 1.0 Equiv.) dissolved in EtOH (15 mL) was
added diphenylamine (995 mg, 5.88 mmol, 1.0 Equiv.) and c¢.HCI (0.5 mL). The reaction was
heated and held at reflux for a period of 5 h. Following this, the reaction was concentrated
under reduced pressure, dry loaded onto silica and purified by column chromatography
(55% EtOAc:Hexane) to obtain the title compound as a green crystalline solid following
recrystallisation from hot EtOAc. M. p. 157-160 °C. FTIR (Vmac/ cm’l) 2974 (C-H aromatics),
1799 (C=0), 1573 (C=C) alkene, 1473 (C-C aromatics), 1142 (C-N). 'H NMR (400 MHz,
DMSO-dg) 6 7.46-7.36 (m, 4H), 7.35-7.27 (m,2H), 7.24-7.16 (m, 4H), 4.61 (q, ] =7.1 Hz, 2H),
1.24 (t, ] = 7.1 Hz, 3H). '3C NMR (151 MHz, DMSO-dy) & 186.8, 185.8, 179.0, 169.7, 140.9,
128.8,126.8, 125.1, 69.3, 15.3. Anal. Calced. for C;gH15NOs3 (%): C,73.71; H, 5.15; N, 4.78;
found: C,73.72; H, 5.11; N, 4.59.

3.3. X-Ray Crystallography of 3-(Diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione (6)

The crystal structure of 3-(diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione (6) was
determined by laboratory single-crystal X-ray diffraction [21-24]. The full experimental
details and crystallographic tables are available in the supporting information.

Supplementary Materials: The following supporting information can be found online, Figure S1: 1H
NMR spectrum of 3-(diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione (6); Figure S2: '3C NMR
spectrum of 3-(diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione (6); Figure S3: FT-IR spectrum
of 3-(diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione (6); Figure S4: Elemental analysis of 3-
(diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione (6); Figure S5: A photograph of the ‘blocky” crystal
of 3-(diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione (6) measured by SXD in this study (exp_1690);
Figure S6: Figure showing the labelling of the atoms of 3-(diphenylamino)-4-ethoxycyclobut-3-
ene-1,2-dione (6) as used in Tables Sla—e. H atoms are labelled based on the number used for
the C atom to which they are attached. Atom types are shown in conventional colours: C in
grey, H in white, N in blue, and O in red. The structure has disorder of the OEt group, the sec-
ond conformation being depicted with the atoms shown with a dotted outline; Table Sla: Crystal
data and structure refinement for 3-(diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione (6) at 150 K;
Table S1b: Fractional atomic coordinates and equivalent isotropic displacement parameters for 3-
(diphenylamino)-4-ethoxycyclobut-3-ene-1,2-dione (6) at 150 K. Ueq is defined as 1 /4 of the trace of
the orthogonalised Uj; tensor; Table Slc: Anisotropic displacement parameters for 3-(diphenylamino)-
4-ethoxycyclobut-3-ene-1,2-dione (6) at 150 K. The anisotropic displacement factor exponent has the
form: —2m2[h2a*2U7q + 2hka*b*Uqy + . . .]; Table S1d: Selected bond lengths for 3-(diphenylamino)-4-
ethoxycyclobut-3-ene-1,2-dione (6) at 150 K; Table Sle: Selected bond angles for 3-(diphenylamino)-4-
ethoxycyclobut-3-ene-1,2-dione (6) at 150 K.
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