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97 Abstract
28 . : : o : :
gg A series of indolenine and barbituric acid zwitterion scaffolds were synthesized with a
%(1) maximum Yyield of 98% via the formation of C—C single bond. The structures were
§2 unambiguously elucidated by various spectroscopic techniques such as 'H, 3C NMR (1D,
3
B4 2D), FT-IR and high-resolution mass spectrometry (HRMS). Single crystal X-ray
%2 crystallography analysis on 22, as the 22.DMF 1:1 solvate, confirms the presence of well-
g; separated iminium and enolate centres, and also confirms that the BA ring is highly twisted
29 with respect to the indolenine ring due to steric hindrance. The presence of N—H--O and N-—
40
gﬁ H--O- groups favour a 1D-supramolecular assembly in the solid-state. The orange or yellow
jé solutions of the zwitterion exhibit an intense molar absorption coefficient, € ranging between
44 0.21 x 10* and 2.93 x 10* M! cm! in the UV-vis region. Furthermore, the Intramolecular
45
46 Charge Transfer (ICT) peak of zwitterion displays a hypsochromic shift in absorption
47 . . .
48 behavior when the polarity of the solvent increases. Moreover, treatment of small amount of
gg trifluoroacetic acid (TFA) to the DMF solution of 19 resulted in the protonation of an enolate
51 of BA ring. This fundamental work provides valuable structural design and information for
52
53 the construction of supramolecular chemistry and synthetic dyes based on indolenine
gg substituted BA derivatives.
56
57 Keywords: Indolenine-barbituric acid, Zwitterion, Supramolecular chemistry, UV-visible
58
59 spectroscopy.
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Since 1864, barbituric acid (BA) has been used in organic and medical chemistry due
to its impressive biological activities.!* BA is an effective fluorescence probe for
chemosensors and for live-cell bio-imaging detections.>® The reactivity of BA in organic
reactions is characterized by its tendency to form both coordination and hydrogen bonds,
which enables it as building blocks for supramolecular assemblies with distinctive shape, size
and topology.”!> BA readily undergoes keto-enol tautomerism and forms zwitterions with
pyridinium, 416 isoquinolinium,!” imidazolium, '3 ' codeinone?® and tetramethylguanidium.?!
Interestingly, the formation of BA zwitterions could be achieved by visible-light irradiation.??
Although reactions of BA have been extensively investigated, there are very few reports on

the formation mechanism of BA zwitterion.

Studies have shown that BA derivatives have excellent photostability and exhibit
good intramolecular charge transfer (ICT) properties.?3->> The charge transfer property of BA
produces interesting UV-vis and near infrared (NIR) spectroscopic characteristics. Thus, the
combination of BA with different types of aromatic heterocyclic scaffolds via the
Knoevenagel condensation reaction is a powerful synthetic approach in the design of push-
pull chromophores. For example, indoleninyl-barbiturates exhibit intense and sharp
absorptions in the NIR region with high molar extinction coefficients and ICT properties.?6 27
Interestingly, the spectral properties of the indolenine chromophores can be tailored by
controlling the types of donor and acceptor units, m-conjugated linkers or the heteroaromatic
n-systems in the molecular frameworks.?® 2° The structural modification alters the HOMO
and LUMO energy gaps, thus enables the tuning of optical properties for specific
applications. Hence, the unique structural features of indolenines make them suitable as

active substances for various applications in modern electronic devices.30-32

In the design of N-heterocyclic dyes, herein we report a new series of indolenine-BA
zwitterions. The structures were characterized by spectroscopic techniques and confirmed by
single crystal X-ray crystallographic analysis. The relationship between different electron
donating group (EDG) and electron withdrawing group (EWG) substituents towards the

photophysical properties were investigated.
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a. Synthesis and characterizations

The starting materials of compounds 1 — 5 were prepared as described elsewhere.33 34
The N-methylation and N-benzylation of 1 — 5 were performed under mild basic conditions to
afford the diformyl 6 — 9 and 11 — 15. Then, compound 9 was converted to 10 via the base
hydrolysis. The synthetic scheme for the intermediate compounds is outlined in Scheme S1
(ESI). Finally, the Knoevenagel condensation of diformyl 6 — 15 with BA via refluxing in
methanol afforded the zwitterions 16 — 25. As shown in Scheme 1, the N-methyl zwitterions
17, 19 and 20 featuring with EWG groups (Cl, COOEt, COOH) on the indolenine ring were
isolated in lower yields compared to reference 16. In contrast, the zwitterions 18 and 21
bearing with EDG (OMe, C4H,) gave higher product yields compared to reference 16. These
results conclude that the electronic nature of the EDG enhances the reactivity on the
indolenine ring to form the zwitterions. Next, the synthetic scope was extended to N-benzyl
zwitterions, 22 — 25. However, the relationship between substituent effects toward yields
obtained among these zwitterions could not be established due to successful preparation of
several compounds under this synthetic protocol. Nevertheless, the presence of benzyl group

on the indolenine ring gave the products in between 52 — 98% isolated yields.

All compounds are stable in both the solid and solution states at ambient temperature
with melting points more than 216 °C. The zwitterions 22 — 25 are soluble in THF, dioxane,
DMF, DMSO but is partially soluble in alcohols. Meanwhile, zwitterions 16 — 21 are only
soluble in DMF and DMSO.
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Scheme 1: Substrate scope of indolenine-BA zwitterions DOI: 10.1039/DON J04357E
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The structures of zwitterions 16 — 25 were determined by NMR spectroscopy:.
their molecular masses were confirmed by HRMS analyses. The 'H NMR spectra of all
zwitterions show two distinctive N—H protons as singlets between ¢ 10.11 — 10.48 ppm,
indicating a strong electronegative effect. The singlet proton signals between ¢ 9.21 — 9.33
ppm and between 0 7.99 — 8.12 ppm correspond to the aldehyde and olefinic groups,
respectively. The chemical shifts for the presence of N-methyl protons and N-benzyl protons
occur between ¢ 3.60 — 3.77 ppm and J 5.28 — 5.47 ppm, respectively. Apart from that, the
singlet between 6 1.31 — 1.68 ppm is assigned to the methyl protons.

The HMBC NMR data (Fig. S43, ESI) indicates that the de-shielded iminium carbon
(C-1) peak occurs between 0 190.44 — 196.16 ppm. The three carbonyl signals of the BA
moiety (C-2, C-2°, C-3) resonate between 0 151.24 — 164.90 ppm. The spectral data reveal
that the olefinic peak (C-4) appears around 0 152.28 — 153.05 ppm, whereas the carbon signal
(C-5) occurs between 6 108.48 — 109.57 ppm. Interestingly, the chemical shift of methylene
BA, (C-6) occurs between ¢ 94.38 — 96.02 ppm which is shielded compared to the reported
structure due to an enhanced nucleophilic character.’> Surprisingly, the chemical shifts of
dimethyl carbons (C-7) appear at relatively lower resolutions in the '3C NMR spectrum.
However, their correlations with the methyl protons are clearly indicated in the HSQC

experiment (Fig. S44, ESI).

The FT-IR spectra of 16 — 25 show a strong band intensity at around 1687 — 1716 cm-
I, typically attributed to the C=0O aldehyde band. The formation of the iminium units is
confirmed by the sharp stretching peak at around 1512 — 1657 cm!. The peaks at 1709 cm™!
and 1717 cm’' correspond to the C=0O ester 19 and carboxylic acid 20, respectively.
Interestingly, the N—H stretching frequencies are not observed at regions close to 3300 cm!,
due to the N—H--O intermolecular hydrogen bonding®% 37 in the BA. The C=0 stretching

modes of BA are observed at around 1615 — 1669 cm™!, as expected from previous reports.3%:
39

cle Online
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The molecular structure of 22 was established by X-ray crystallography from the
crystals of the 1:1 solvate with DMF, i.e. 22.DMF. The molecular structure of 22 is shown in
Fig. 1 and the selected geometric parameters are tabulated in Table 1. A key point in the
structure is that the C24—0O4 bond length is significantly longer compared to the C22—-02 and
(C23-03 bonds, thus providing geometric evidence for the formation of an enolate ion with
the negative charge localized at the O4 atom. Conversely, the C1-N1 bond length is
significantly shorter than any of the other C—N bonds, consistent with the formation of an
iminium centre. Further, the sum of the angles subtended at the N1 amounts to 360.0°. In
addition, each of the aldehyde-O1 [3.0763(19) A] and amide—O2 [2.9907(17) A] atoms are
orientated to form close contact with the iminium-N1 atom, indicative of electrostatic
attraction. Thus, from the structural study it can be concluded that the positive charge
localized on the iminium-nitrogen cation is neutralized by the negative charge in the

resonance stabilized BA moiety (Scheme 2).

Fig. 1: Molecular structure of 22 in 22.DMF, showing atomic labelling and displacement
parameters at the 35% probability level. The DMF molecule is omitted.
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Scheme 2: General resonance scheme for zwitterions.

With regards to the conformation, the structural analysis shows that the indolenine

fragment is rotated out of the attached propene plane to avoid steric hindrance, as seen in the
value of the N1-C1-C18-C20 torsion angle of 123.84(17)°. As a result, the sequence of C1-
C18, C18—C20 and C20—C21 bonds exhibits substantial bond length alteration due to the loss

of m-conjugation.40: 4!

Table 1: Selected bond lengths (A), bond angles (°) and torsion angles (°) for 22

Bond lengths

N2 —C22 1.3898(17) Cl1-NI1 1.3105(18)
N2 -C23 1.3632(18) Cl1-C18 1.465(2)
N3 -C23 1.3643(18) C18—-C19 1.4531(19)
N3 -C24 1.3886(17) C18 - C20 1.3703(19)
C19-01 1.2190(19) C20-C21 1.4092(18)
C22-02 1.2280(17) C21-C22 1.4356(19)
C23-03 1.2237(16) C21-C24 1.4359(19)
C24-04 1.2424(17)

Bond angles

CI-N1-C8 110.82(12) C20-C21-C22 122.69(12)
C23 -N2-C22 125.86(11) C24 - C21 -C22 119.40(12)
C23 -N3-C24 125.31(12) N1-Cl1-C18 124.32(13)
C18-C20-C21 133.72(13) N2 -C22-C21 116.52(12)
C20-C18-C1 127.07(12) N3 -C23 -N2 115.76(11)
C20-C21-C24 117.78(12) N3 -C24-C21 117.00(12)
Torsion angles

N1-C1-C18-C20 123.84(17) Cl1-C18-C20-C21 —13.9(3)
N1-CIl-C18-C19 —64.22(19) Cl18-C20-C21-C24 173.02(16)
C2-C1-C18-C19 98.03(17) C18-C20-C21-C22 -11.3(3)
C2-C1-C18-C20 =73.9(2)
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Table 2: Hydrogen-bond geometry in the crystal of 22.DMF DOI: 10.1039/DONJOAS5TE
D-H-A H-A (A) D--A (A) D-H+A(°) Symmetry
operation
N2-H2n~03i 2051(14)  2.8965(17) 171.7(16)  2-x, 1y, 2z
N3-H3n--Odii 1.984(15)  2.8514(17) 172.6(16)  2-x, -y, 2z

The most notable feature of the molecular packing in the crystal of 22.DMF is the
formation of cooperative pairs of amide-N-H---O hydrogen bonds between
centrosymmetrically related BA residues (Table 2). It is noted that the hydrogen bond of the
formally enolate-O4 atom is significantly shorter compared to the amide-O3 atom consistent
with the former being, at least partially, a charge-assisted amide-N—H--O- hydrogen bond.
The hydrogen bonding leads to the formation of eight-membered {...OCNH], synthons
which are concatenated and generate a flat, supramolecular tape with a zig-zag topology (Fig.
2). The tapes are assembled into supramolecular layers parallel to (-1 0 1) via the methylene-
C—H--O(aldehyde) interactions and are connected to this array, via the methyl-C—
H---O(DMF) contacts, (ESI, Fig. S54c). The V=BA-O2 atom has no charge role in the
supramolecular association. Nevertheless, this atom is involved in a short intramolecular

phenyl-C—H:-O2 contact [H15--02 = 2.35 A with angle at H15 = 164°].

Fig. 2: A perspective view of the one-dimensional supramolecular tape in the crystal of

22.DMF sustained by amide-N—H---O(amide) hydrogen bonding.
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c¢. UV-vis absorption spectroscopy

2.5+

—_
&=
=

Molar absorption coefficient (x10* M cm™)

0.0

New Journal of Chemistry

—_—16
—17
—18
—19

300

(b)

3.0
2.5
2.04
1.54

1.0+

Molar absorption coefficient (x10° M cm™)

0.5 4

0.0

T
400

Wavelength (nm)

¥

— D2
— 23
— 24

25

300

1
400

Wavelength (nm)

T
500

1
600

View Article Online
DOI: 10.1039/DONJ04357E

Fig. 3: (a) UV-vis spectra for zwitterions 16 - 21 and (b) 22 - 25 in dilute DMF (50 uM).
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Zwitterion  Absorption, Ay, (nm) / € (x10* M- cm™) Aonset (M) FWHM (nm) Egap (eV) =
1240 / Aonset

16 348 (1.66) 488 25.5 2.54

17 349 (2.04), 394 (1.30) 497 23.4,16.5 2.50

18 344 (1.86) 510 37.5 243

19 303 (1.72), 352 (1.78), 392 (1.55), 530 (0.21) 558 29.7,25.3,27.3,19.5 2.22

20 303 (1.56), 352 (1.98), 392 (1.37) 505 28.5,22.2,18.6 2.46

21 351 (2.17) 510 29.3 243

22 354 (2.93) 490 26.6 2.53

23 357 (2.45),393 (2.22) 499 30.5,25.4 2.49

24 351 (2.21) 506 38.6 2.45

25 356 (2.30) 507 31.7 2.45

The UV-vis absorption spectra of zwitterions 16 — 25 were measured in DMF at room
temperature and their photophysical data are summarized in Table 3. The Eg,, values of the
zwitterions were calculated from the extrapolation of the absorption spectrum.** Generally,
the absorption region between 300 nm to 380 nm is assigned to the m-n* electronic excitation
of the indolenine chromophore unit, whereas a broad absorption profile in the Soret band
region is attributed to the ICT transition from the indolenine donor to the BA acceptor
moiety.** However, the twisted conformation of the zwitterions weakened the ICT
properties on the absorption spectra due to inadequate m-conjugation. As shown in Fig. 3(a),
the comparison of the spectra of zwitterions 17 and 18 with that of 16 reveals a bathochromic
shift in the absorption of onset wavelength upon insertion of -Cl or -OMe substituents on the
indolenine ring. Interestingly, introduction of -COOEt and -COOH groups of 19 and 20,
respectively, have significant effect on the electronic properties of the molecules, where the
three intense absorption peaks appear at similar wavelengths at 303, 352 and 392 nm. The
difference is the presence of an additional weak Q-band peak at 530 nm for 19 which
corresponds to the n-m* transition of the conjugated carbonyl ester group. Furthermore, the
spectrum of 21 displays a slight bathochromic shift for both the absorption maximum and the
onset wavelengths, which suggests the extension of the n-conjugation system as compared to

16. This results in an energy band gap decrease of 0.11 eV of 21.

10
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As depicted in Fig. 3(b), zwitterions 22 — 25 demonstrate a hyperchromic shift dugitas;. s
the presence of benzyl group in their structures. This is possibly due to the alteration of the
molecular structure which enhances the interaction with light. However, none of these
zwitterions exhibit significant fluorescence properties. This is due to the twisted geometrical
structure which leads to an orbitally decoupled m-systems of the donor indolenine and BA

acceptor units.*

3.5 -
AcOH
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Fig. 4: UV-vis absorption spectra of 22 (50 uM) recorded in different solvents.

11
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The photophysical parameters of 22 were further examined in different sglvents:
summarized in Table S2 (ESI). As illustrated in Fig. 4, no obvious n-n* peak shifting was
observed in the region of 350 nm. The electronic properties of 22 in THF and dioxane
solvents are almost similar despite the different polarities possessed by the two solvents.
Clearly, the broad ICT absorption peak centred at 435 nm in THF or dioxane progressively
shifts to shorter wavelength (hypsochromic shift) with increasing the solvent polarity from
DMSO to methanol and acetic acid. This characteristic suggests that the ground state of the
molecules is better stabilized by polar solvents.*’” The solvation effect is significantly
observed in methanol and acetic acid, which may be due to the intermolecular hydrogen
bonding interaction through the N-H groups of BA moiety.?? Furthermore, no protonation of
the enolate has occurred in the acetic acid solvent as indicated in the spectrum due to the high
stability and resistivity of the negatively charged BA ring to acetic media.*® Overall, the
calculated molar absorption coefficients and E,,, values of 22 in various solvents are between
0.78 — 2.93 x 10* M! cm’ and 2.48 — 2.71 eV, respectively. Thus, these values suggest

suitable utilization of the zwitterions for various optoelectronic devices.*’

12
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1

2

2 d. Protonation of 19 by TFA DOk 101039 1DON o abnE
Z TFA is a common acid used for the protonation reaction due to its strong acidity
; properties and good solubility in organic solvents.’% 3! In the DMF solution, the zwitterion 19
9 displays a color change from orange to yellow with the addition of an equivalent of TFA. The
1(1) UV-vis absorption spectrum exhibits a slight hypsochromic shift upon addition of an
g equivalent of TFA (Fig. S56, ESI). The two new intense absorption peaks appear at 351 nm
312' and 450 nm are attributed to the n-n* transition in the indolenine ring and the ICT transition
36 from the donor to the acceptor moiety, respectively. In addition, multiple isosbestic points are
g; detected in the spectrum, which confirms that the protonation of the enolate of BA ring has
%g taken place in the presence of TFA. However, no further changes are observed on the color of
%; the solution and the spectral pattern after the addition of TFA in excess (10 equiv.). This
23 indicates that the protonation reaction is completed. The calculated Eg,, value for the
%é protonated 19 is 2.45 eV, which is higher than that of the neutral 19 (Table 3).

ig? Furthermore, the addition of TFA to the solution of 19 in deuterated DMSO was also
%g studied by 'H NMR spectroscopy. As depicted in Fig. S57 (ESI), the spectrum shows two
ig? distinctive N-H protons at 6 10.53 ppm and 10.35 ppm, which is slightly shifted to the lower
gg field as compared to the neutral 19 probably due to the reduction of the electron density in the
a4 BA ring.

#

37

88

E,g Conclusions

%{? In summary, we have prepared a series of new indolenine substituted BA zwitterions
fé in good yields through a simple and facile synthetic protocol. All compounds are successfully
44 characterized by spectroscopic analyses. Single X-ray crystallography analysis confirms that
jg the zwitterion possesses the twisted conformation and stabilizes into a 1D-supramolecular
j; assembly via intermolecular hydrogen bonding. The photophysical studies reveal that all
gg zwitterions demonstrated broad absorption profile between 300 nm and 530 nm, and their
51 electronic transitions are highly dependent on the electronic substituents on the indolenine
gg ring. Interestingly, the ICT band of zwitterion exhibits a hypsochromic shift behavior as the
gg solvent polarity increases. The protonation effect of zwitterion by addition of an equivalent of
g? TFA dramatically tunes the electronic chromophores and the spectral properties. Further
58 work on the synthetic approaches such as extension of the m-conjugation based indoleninyl-
e

13
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investigation.

Experimental Section
Materials

All chemicals were purchased in high quality grade from Sigma Aldrich and Merck
Millipore Companies, Malaysia. The solvents were used without further purifications unless

otherwise noted.

Instrumentations

The NMR spectra were recorded using a JEOL ECX 400l MHz or a Bruker
AVANCE III 600 MHz spectrometers measured in deuterated CDCl; or DMSO as the
solvents. Chemical shifts () and coupling constant (J) values are reported in ppm and Hz
units, respectively. The FT-IR spectra were performed on a Perkin-Elmer Spectrum 400 IR
spectrometer. Melting points were measured on a Mel-Temp II instrument in open capillaries
tube. The Agilent 6530 Accurate-Mass Q-TOF LC/MS system was used to determine the
molecular ion fragments of the compounds. The UV-vis absorption spectra were measured at
room temperature on a Shimadzu UV-2600 UV-VIS spectrophotometer. The OriginPro 2016
64-bit software was used to calculate the FWHM of the UV-vis absorption spectra.

X-ray crystallography

X-ray intensity data for a yellow crystal of 22.DMF (0.10 % 0.20 x 0.20 mm) were
measured at T = 293 K on an Agilent Technologies Supernova Dual diffractometer with
Atlas detector fitted with CuKa radiation (4 = 1.54184 A). Data reduction, including
absorption correction, was accomplished with CrysAlisPro.’> The structure was solved by
direct-methods? and refined (anisotropic displacement parameters and C-bound H atoms in
the riding model approximation) on F2.3* The N-bound H atoms were refined with the N-H
bond lengths constrained to 0.86 + 0.01 A, and with U(H) = 1.2U(N). A weighting
scheme of the form w = 1/[6*(F,?) + (0.096P)*> + 0.193P] where P = (F,> + 2F2?)/3) was
introduced at the end of the refinement. The molecular structure diagram was generated with
ORTEP for Windows>> with 35% displacement ellipsoids, and the packing diagrams were
drawn with DIAMOND.>¢

14
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Crystal data for 22.DMF: C,,H,;N30,, C;H,NO, M = 488.53, triclinic, P1, a = 8.2Z73(3)uB i s

10.4031(3), ¢ = 15.3328(5) A, o = 80.801(3)°, B = 79.757(3)°, y = 73.423(3)°, V = 1236.89(7)
A3, Z=2,D,=1312 gcem™3, F(000) =516 and 1z = 0.753 mm™!. No. reflections measured =
20020 (Byax = 74.3°), no. independent reflections = 4935, no. reflections with 7 > 26(/) =
4159, R (obs. data) = 0.051 and wR, (all data) =0.151.

Crystallographic data for compound 22.DMF reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre (CCDC) as supplementary publication nos.
CCDC-2023454. These data can be  obtained free of charge via

www.ccdc.cam.ac.uk/getstructures.

General procedure for the preparation of 6 — 11.

A solution of diformyl 1 — 5 (1 equiv.), anhydrous K,CO; (3 equiv.), and CH;I (1.5
equiv.) in a minimum amount of DMF solution was stirred at room temperature for 20-24 h.
The progress of the reaction was monitored by thin-layer chromatography (TLC). Upon
completion, water was added and extracted with ethyl acetate. The organic layer was dried
over MgS0O, and the solvent removed under reduced pressure. The residue was purified by
column chromatography using hexane/ethyl acetate (v/v =1 — 2:1) as the eluent to afford the

pure product.

Compound 6: Purple solid. Yield: 56%. m.p = 120 — 121 °C. 'H NMR (400 MHz, CDCls): 6
9.63 (s, 2H, CHO), 7.39 (m, 3H, J= 7.6, 2.0 Hz, Ar-H), 7.22 (dd, 1H, J = 8.0 Hz, 2.8 Hz, Ar-
H), 3.54 (s, 3H, CHz3), 1.66 (s, 6H, CH3). *C NMR (100 MHz, CDCly): ¢ 187.97 (CHO),
183.76 (C-N), 142.67, 142.33, 128.35, 126.90, 122.07, 112.19, 109.94, 52.72, 38.44, 25.14.
FT-IR (ATR): 3027, 2976, 2934, 2837, 1624, 1510, 1482, 1470, 1391, 1375, 1224, 766, 733
cml, HRMS (ESI): m/z [M+H]" caled C14H6NO,: 230.1186; found: 230.1182.

Compound 7: Brown solid. Yield: 57%. m.p = 134 — 135 °C. 'H NMR (400 MHz, CDCl;): 6
9.67 (s, 2H, CHO), 7.37 (dd, 1H, J = 8.8, 2.4 Hz, Ar-H), 7.32 (d, 1H, J= 2.0 Hz, Ar-H), 7.14
(d, 1H, J = 8.0 Hz, Ar-H), 3.52 (s, 3H, CHj3), 1.69 (s, 6H, CH;). *C NMR (100 MHz,
CDCl): 0 187.82 (CHO), 183.18 (C-N), 143.95, 141.34, 132.74, 128.51, 122.76, 113.06,
110.14, 52.71, 38.73, 24.98. FT-IR (ATR): 2940, 2744, 2720, 1615, 1495, 1472, 1445, 1403,
1381, 1173, 815, 761 cm!. HRMS (ESI): m/z [M+H]" calcd C14H;5CINO,: 264.0786; found:
264.0791.
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Compound 8: Brown solid. Yield: 48%. m.p = 144 — 146 °C. '"H NMR (400 MHz, CDGCI5):
9.53 (s, 2H, CHO), 7.17 (d, 1H, J = 9.2 Hz, Ar-H), 6.89 (m, 2H, J = 4.0, 2.8 Hz, Ar-H,
overlapped), 3.84 (s, 3H, OMe), 3.56 (s, 3H, CH3), 1.66 (s, 6H, CH3). 3C NMR (100 MHz,
CDCl;): 0 187.59 (CHO), 183.18 (C-N), 159.52, 144.44, 136.00, 113.21 (2C), 109.59,
108.57, 55.98, 53.20, 38.28, 25.10. FT-IR (ATR): 2978, 2841, 2761, 1609, 1515, 1487, 1393,
1306, 1131, 1024, 807, 737 cm'. HRMS (ESI): m/z [M+H]" calcd C;sH;sNO;: 260.1281;
found: 260.1285.

Compound 9: Purple solid. Yield: 88%. m.p = 88 — 90 °C. 'H NMR (400 MHz, CDCls): 6
9.77 (s, 2H, CHO), 8.11 (dd, 1H, J = 8.4, 1.6 Hz, Ar-H), 7.98 (s, 1H, Ar-H), 7.22 (d, IH, J =
8.4 Hz, Ar-H), 4.41 (q, 2H, CH,), 3.53 (s, 3H, CH3), 1.72 (s, 6H, CHj3), 1.43 (t, 3H, CHj3). 1°C
NMR (100 MHz, CDCl;): ¢ 188.09 (CHO), 183.76 (C-N), 165.83 (C=0), 146.41, 142.04,
130.65, 128.63, 123.26, 111.53, 110.80, 61.54, 52.16, 38.90, 25.26, 14.44. FT-IR (ATR):
2976, 2933, 2741, 2705, 1707, 1641, 1287, 1235, 1100, 1024, 770, 760, 745 cm!. HRMS
(ESI): m/z [M+H]* caled C,7H,0NO4: 302.1387; found: 302.1389.

Compound 10: A solution of 9 (1 equiv.) and NaOH (5 equiv.) in MeOH/water (v/v = 2:1)
was stirred at room temperature for 12 h and the progress of the reaction was monitored by
TLC. Upon completion, MeOH was removed under reduced pressure and added with water.
The mixture was acidified to pH = 4-5 with 5% HCI (aq). The resulting precipitate was
filtered, washed with hot distilled water and dried at 60 °C. Brown solid. Yield: 46%. m.p =
201 —203 °C. 'H NMR (400 MHz, DMSO): 6 9.70 (s, 2H, CHO), 8.05 (s, 1H, Ar-H), 8.00 (d,
1H, J= 8.0 Hz, Ar-H), 7.51 (d, 1H, J = 8.0 Hz, Ar-H), 3.44 (s, 3H, CHj3), 1.62 (s, 6H, CHs).
3C NMR (100 MHz, DMSO): ¢ 187.93 (CHO), 183.10 (C-N), 167.82 (C=0), 146.78,
142.13, 130.77, 128.81, 123.48, 112.79, 110.89, 51.85, 39.29, 25.05. FT-IR (ATR): 2934,
2630, 1703, 1658, 1594, 1386, 1221, 1199, 767, 739 cm!. HRMS (ESI): m/z [M+H]" calcd
CsHsNOy4: 274.1074; found: 274.1076.

Compound 11: Brown solid. Yield: 76%. m.p = 173 — 175 °C. 'H NMR (400 MHz, CDCl;):
0 9.65 (s, 2H, CHO), 8.12 (d, 1H, J = 8.8 Hz, Ar-H), 7.98 (m, 2H, J = 8.0, 4.4 Hz, Ar-H),
7.66 (td, 1H, J= 6.8, 1.6 Hz, Ar-H), 7.55 (td, 1H, J= 6.8, 0.8 Hz, Ar-H), 7.48 (d, 1H, J= 8.4
Hz, Ar-H), 3.69 (s, 3H, CH3), 1.97 (s, 6H, CH3). *C NMR (100 MHz, CDCl;): ¢ 188.00
(CHO), 185.53 (C-N), 139.55, 136.21, 132.80, 130.30, 130.04, 127.90, 127.76, 125.94,
123.01, 111.32, 109.58, 54.60, 38.78, 24.26. FT-IR (ATR): 2977, 2923, 2843, 1613, 1510,
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1394, 1244, 1186, 804, 751, 750 cm’'. HRMS (ESI): m/z [M+H]" caled CysH sl Oam50. 508

280.1332; found: 280.1350.
General procedure for the preparation of 12 — 15.

A solution of diformyl 1 — 3, 5 (1 equiv.), K,COs (3 equiv.), KI (1.5 equiv.), benzyl
bromide (1.5 equiv.) in a minimum amount of DMF was stirred at room temperature for 110-
120 h. The progress of the reaction was monitored by TLC. Upon completion, water was
added and extracted with ethyl acetate. The organic layer was dried over MgSO,4 and the
solvent removed under reduced pressure. The residue was purified by column
chromatography using hexane/ ethyl acetate (v/v = 1-2:1) as the eluent to afford the pure
product.

Compound 12: Brown solid. Yield: 36%. m.p = 112 — 113 °C. 'H NMR (400 MHz, CDCl;):
0 9.63 (s, 2H, CHO), 7.33 (m, 1H, J = 6.0, 2.0 Hz, Ar-H), 7.29 (m, 3H, J = 8.0, 2.4 Hz, Ar-
H), 7.22 (m, 2H, J=4.8, 3.2 Hz, Ar-H), 7.14 (d, 2H, J= 7.2 Hz, Ar-H), 7.01 (dd, 1H, J= 5.6,
2.4 Hz, Ar-H), 5.25 (s, 2H, CH,), 1.74 (s. 6H, CH3). *C NMR (100 MHz, CDCl;): ¢ 188.05
(CHO), 184.51 (C-N), 142.84, 141.53, 133.96, 129.17, 128.50, 127.97, 127.28, 126.50,
122.04, 114.05, 110.75, 54.50, 52.79, 25.13. FT-IR (ATR): 3029, 2964, 2922, 2769, 1607,
1458, 1445, 1424, 1402, 1174, 748, 737, 694 cm''. HRMS (ESI): m/z [M+H]* calcd
Cy0H20NO;: 306.1489; found: 306.1491.

Compound 13: Orange solid. Yield: 21%. m.p = 132 — 133 °C. 'H NMR (400 MHz, CDCls):
0 9.57 (s, 2H, CHO), 7.32-7.28 (m, 4H, J = 10.0, 2.4 Hz, Ar-H), 7.19 (dd, 1H, J = 8.4, 2.0
Hz, Ar-H), 7.14 (d, 1H, J = 2.4 Hz, Ar-H), 7.12 (d, 1H, J = 1.2 Hz, Ar-H), 6.94 (d, 1H, J =
8.4 Hz, Ar-H), 5.22 (s, 2H, CH,), 1.74 (s, 6H, CH3). 3C NMR (100 MHz, CDCly): 6 187.17
(CHO), 184.43 (C-N), 144.55, 139.91, 133.14, 133.00, 129.41, 128.89, 128.36, 127.29,
122.86, 115.42, 110.51, 54.93, 53.31, 24.80. FT-IR (ATR): 2974, 2931, 2750, 2719, 1615,
1449, 1421, 1373, 1182, 1082, 965, 802, 746, 706 cm'. HRMS (ESI): m/z [M+H]" calcd
Cy0H19CINO;: 340.1099; found: 340.1101.

Compound 14: Yellow solid. Yield: 16%. m.p = 128 — 130 °C. '"H NMR (400 MHz, CDCl5):
0 9.43 (s, 2H, CHO), 7.31 (m, 3H, J = 8.0, 2.0 Hz, Ar-H), 7.18 (dd, 2H, J = 6.0, 1.6 Hz, Ar-
H), 6.98 (d, 1H, J = 8.8 Hz, Ar-H), 6.88 (d, 1H, J= 2.8 Hz, Ar-H), 6.73 (dd, 1H, J=8.4, 2.0
Hz, Ar-H), 5.25 (s, 2H, CH), 3.79 (s, 3H, OMe), 1.70 (s, 6H, CH;). *C NMR (100 MHz,
CDCl): 0 186.59 (CHO), 184.74 (C-N), 159.54, 145.13, 134.51, 133.19, 129.36, 128.80,
127.28, 115.66, 113.29, 109.90, 108.50, 55.92, 54.66, 53.87, 24.86. FT-IR (ATR): 3028,
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2960, 2922, 2756, 1600, 1474, 1444, 1402, 1300, 1184, 1117, 1025, 808, 777, 704,543, ¢ttt o tme
HRMS (ESI): m/z [M+H]" calcd C,1H»,NO;3: 336.1594; found: 336.1598.

Compound 15: Brown solid. Yield: 9%. m.p =176 — 177 °C. 'H NMR (400 MHz, CDCl;): 6
9.63 (s, 2H, CHO), 8.12 (d, 1H, J = 8.8 Hz, Ar-H), 7.88 (d, 1H, J = 8.4 Hz, Ar-H), 7.74 (d,
1H, J= 8.8 Hz, Ar-H), 7.63 (dt, 1H, J= 6.8, 1.2 Hz, Ar-H), 7.51 (dt, 1H, J = 8.0, 1.2 Hz, Ar-
H), 7.29 (m, 4H, J = 8.4, 2.4 Hz, Ar-H), 7.17 (d, 1H, J = 1.6 Hz, Ar-H), 7.15 (s, 1H, Ar-H)
5.37 (s, 2H, CH,), 2.04 (s, 6H, CH3). 3C NMR (100 MHz, CDCl;): ¢ 188.00 (CHO), 186.50
(C-N), 138.53, 136.84, 134.03, 132.48, 129.93, 129.69, 129.25, 128.57, 127.78, 127.72,
127.18, 125.98, 122.92, 113.08, 110.23, 54.96, 54.69, 24.31. FT-IR (ATR): 2983, 2767,
1610, 1598, 1447, 1423, 1407, 1200, 1173, 933, 817, 781, 755 cm’'. HRMS (ESI): m/z
[M+H]" calcd Cy4H2,NO;: 356.1650; found: 356.1663.

General procedure for the preparation of zwitterions 16 — 25.

A solution of N-alkylated diformyl 6 — 15 (1 equiv.) and BA (1.1 equiv.) dissolved in
a minimum amount of MeOH was refluxed for 3-4 h. Upon completion of the reaction as
indicated by TLC, the solvent was evaporated to half of the initial volume under reduced
pressure, the precipitate was collected, washed with 30% MeOH (aq) and dried at 60 °C to
afford the pure product.

Zwitterion 16: Yellow solid. Yield: 74%. m.p =291 — 292 °C. 'H NMR (400 MHz, DMSO):
0 10.39 (s, 1H, N-H), 10.19 (s, 1H, N-H), 9.24 (s, 1H, CHO), 8.02 (s, 1H, olefin), 7.80 (d,
1H, J=17.6 Hz, Ar-H), 7.70 (dd, 1H, J= 6.8, 0.8 Hz, Ar-H), 7.57 (m, 2H, J= 7.2, 1.2 Hz, Ar-
H), 3.63 (s, 3H, CHj3), 1.33 (s, 6H, CH3). 3C NMR (100 MHz, DMSO): ¢ 192.75 (C-1),
187.40 (CHO), 164.89 (C-2’)*, 164.72 (C-2)*, 152.49 (C-4), 151.31 (C-3), 142.84, 142.26,
129.09, 129.04, 123.47, 115.29, 109.34 (C-5), 95.02 (C-6), 57.61, 35.83, 23.56 (C-7). FT-IR
(ATR): 3166, 3010, 2814, 1714, 1650, 1621, 1532, 1432, 1408, 1396, 1178, 938, 765, 549,
525 cm’!. HRMS (ESI): m/z [M+H]" caled C;gHgN;O,: 340.1292; found: 340.1292.

*interchangeable.

Zwitterion 17: Orange solid. Yield: 38%. m.p =300 — 301 °C. 'H NMR (400 MHz, DMSO):
0 10.43 (s, 1H, N-H), 10.25 (s, 1H, N-H), 9.23 (s, 1H, CHO), 8.02 (s, 1H, olefin), 7.90 (d,
1H, J = 2.0 Hz, Ar-H), 7.83 (d, 1H, J = 8.4 Hz, Ar-H), 7.64 (dd, 1H, J = 8.8, 2.4 Hz, Ar-H),
3.60 (s, 3H, CHz), 1.35 (s, 6H, CH;). 3C NMR (100 MHz, DMSO): 6 193.08 (C-1), 187.30
(CHO), 164.90 (C-2°)*, 164.68 (C-2)*, 152.42 (C-4), 151.28 (C-3), 144.86, 141.09, 133.90,
129.12, 124.04, 116.92, 109.02 (C-5), 95.36 (C-6), 57.78, 36.03, 23.39 (C-7). FT-IR (ATR):
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2990, 2820, 1700, 1669, 1627, 1539, 1449, 1428, 1396, 1179, 900, 785, 555,,528 (¢t o st
HRMS (ESI): m/z [M+H]" caled CigH;7CIN3O4: 374.0902; found: 374.0903.

*interchangeable.

Zwitterion 18: Orange solid. Yield: 85%. m.p =310 —311 °C. '"H NMR (400 MHz, DMSO):
0 10.36 (s, 1H, N-H), 10.16 (s, 1H, N-H), 9.21 (s, 1H, CHO), 7.99 (s, 1H, olefin), 7.72 (d,
1H, J = 8.8 Hz, Ar-H), 7.32 (d, 1H, J = 2.4 Hz, Ar-H), 7.08 (dd, 1H, J = 8.8, 2.4 Hz, Ar-H),
3.81 (s, 3H, OMe), 3.60 (s, 3H, CH3), 1.31 (s, 6H, CH;). '3C NMR (100 MHz, DMSO):
190.44 (C-1), 187.71 (CHO), 164.85 (C-2)*, 164.79 (C-2)*, 160.65, 152.62 (C-4), 151.38
(C-3), 14491, 135.60, 116.31, 114.35, 109.57 (C-5), 109.49, 94.68 (C-6), 57.46, 56.51,
35.84, 19.07 (C-7). FT-IR (ATR): 3160, 2986, 2815, 2698, 1701, 1655, 1632, 1536, 1446,
1422, 1394, 1286, 1180, 1054, 783, 546, 525. HRMS (ESI): m/z [M+H]" calcd C;9H,oN;Os:
370.1397; found: 370.1394. *interchangeable.

Zwitterion 19: Orange solid. Yield: 57%. m.p = 283 — 284 °C. 'H NMR (400 MHz, DMSO):
0 10.48 (s, 1H, N-H), 10.30 (s, 1H, N-H), 9.27 (s, 1H, CHO), 8.25 (d, 1H, J= 1.6 Hz, Ar-H),
8.14 (dd, 1H, J= 8.0, 1.2 Hz, Ar-H), 8.06 (s, 1H, olefin), 7.90 (d, 1H, J = 8.0 Hz, Ar-H), 4.35
(9, 2H, CH,), 3.61 (s, 3H, CH3), 1.40 (s, 6H, CH3;), 1.33 (t, 3H, CH;). 3C NMR (100 MHz,
DMSO0): 6 194.39 (C-1), 187.14 (CHO), 165.59 (C=O0 ester), 164.87 (C-2°)*, 164.59 (C-2)*,
152.28 (C-4), 151.24 (C-3), 145.74, 143.11, 130.65, 130.13, 124.11, 115.41, 109.11 (C-5),
96.02 (C-6), 61.80, 57.70, 36.10, 24.05 (C-7), 14.71. FT-IR (ATR): 3167, 2987, 2822, 1709,
1694, 1657, 1607, 1516, 1419, 1390, 1291, 1240, 1182, 1103, 1084, 768, 547, 524 cm!.
HRMS (ESI): m/z [M+H]" calcd C51H,N304: 412.1503; found: 412.1499. *interchangeable.

Zwitterion 20: Orange solid. Yield: 23%. m.p =279 — 280 °C. '"H NMR (400 MHz, DMSO):
0 10.45 (s, 1H, N-H), 10.27 (s, 1H, N-H), 9.27 (s, 1H, CHO), 8.23 (d, 1H, J = 1.6 Hz, Ar-H),
8.13 (dd, 1H, J = 8.4, 1.6 Hz, Ar-H), 8.06 (s, 1H, olefin), 7.89 (d, 1H, J = 8.4 Hz, Ar-H), 3.62
(s, 3H, CHj3), 1.39 (s, 6H, CH;). 3C NMR (100 MHz, DMSO): ¢ 194.45 (C-1), 187.15
(CHO), 167.12 (C=0 acid), 164.88 (C-2)*, 164.61 (C-2)*, 152.29 (C-4), 151.24 (C-3),
145.49, 143.01, 131.13, 130.72, 124.29, 115.27, 109.13 (C-5), 95.90 (C-6), 57.67, 36.08,
24.11 (C-7). FT-IR (ATR): 3184, 3103, 3032, 2782, 1717, 1700, 1634, 1619, 1604, 1512,
1427, 1394, 1209, 1180, 1087, 937, 770, 735, 549, 525 cm™!. HRMS (ESI) m/z [M+H]" calcd
C19HsN30¢: 384.1190; found: 384.1191. *interchangeable.

Zwitterion 21: Orange solid. Yield: 75%. m.p =269 — 271 °C. 'H NMR (400 MHz, DMSO):
0 10.38 (s, 1H, N-H), 10.11 (s, 1H, N-H), 9.29 (s, 1H, CHO), 8.24 (m, 2H, J= 5.6, 2.8 Hz,
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Ar-H), 8.17 (d, 1H, J = 7.6 Hz, Ar-H), 8.09 (s, 1H, olefin), 8.02 (d, 1H, J = 8.8, Hz, AtsH).5c. t0c
7.73 (td, 1H, J = 6.8, 0.8 Hz, Ar-H), 7.67 (t, 1H, J = 7.2 Hz, Ar-H), 3.77 (s, 3H, CHj3), 1.58

(s, 6H, CH3). 3C NMR (100 MHz, DMSO): ¢ 193.59 (C-1), 187.86 (CHO), 164.88 (C-2)*,
164.83 (C-2)*, 152.74 (C-4), 151.34 (C-3), 139.60, 137.77, 133.35, 130.76, 130.30, 128.77,
127.94, 127.32, 123.94, 113.68, 109.18 (C-5), 94.62 (C-6), 59.20, 36.23, 23.78 (C-7). FT-IR
(ATR): 3166, 3011, 2801, 1716, 1622, 1520, 1429, 1385, 1358, 1178, 1081, 1001, 935, 843,

808, 778, 551, 533, 520 cm!. HRMS (ESI) m/z [M+H]" calcd C,,HoN;3;04: 390.1448; found:
390.1457. *interchangeable.

Zwitterion 22: Yellow solid. Yield: 64%. m.p = 258 - 259 °C. 'H NMR (400 MHz, DMSO):
0 10.40 (s, 1H, N-H), 10.24 (s, 1H, N-H), 9.27 (s, 1H, CHO), 8.05 (s, 1H, olefin), 7.70 (d,
1H, J= 7.2 Hz, Ar-H), 7.53 (dd, 2H, J = 8.0, 2.0 Hz, Ar-H), 7.44 (t, 1H, Ar-H), 7.35 (m, 4H,
J=28.8, 1.2 Hz, Ar-H), 7.18 (d, 1H, J = 8.0 Hz, Ar-H), 5.32 (s, 2H, CH,), 1.43 (s, 6H, CHj3).
3C NMR (100 MHz, DMSO): 6 195.23 (C-1), 188.45 (CHO), 164.78 (C-2’, C-2), 152.70 (C-
4), 151.26 (C-3), 143.56, 141.49, 133.30, 129.19, 128.84, 128.80 (2C), 128.66, 123.58,
116.68, 108.76 (C-5), 94.72 (C-6), 58.20, 53.37, 24.53 (C-7). FT-IR (ATR): 3174, 2983,
2807, 1687, 1652, 1595, 1533, 1428, 1394, 1177, 1104, 932, 747, 548, 521 cm'!. HRMS
(ESI): m/z [M+H]" caled CysH;oN30,4: 416.1605; found: 416.1599. X-ray quality crystals

were grown from a DMF solution.

Zwitterion 23: Orange solid. Yield: 98%. m.p =268 — 270 °C. '"H NMR (400 MHz, DMSO):
0 10.47 (s, 1H, N-H), 10.31 (s, 1H, N-H), 9.27 (s, 1H, CHO), 8.04 (s, 1H, olefin), 7.94 (d,
1H, J = 1.6 Hz, Ar-H), 7.51 (dd, 2H, J = 7.6, 2.0 Hz, Ar-H), 7.45 (dd, 1H, J = 8.4, 1.6 Hz,
Ar-H), 7.34 (m, 3H, J=7.2, 3.6 Hz, Ar-H), 7.17 (d, 1H, J = 8.8 Hz, Ar-H), 5.32 (s, 2H, CH,),
1.44 (s, 6H, CH3). 13C NMR (100 MHz, DMSO): ¢ 195.27 (C-1), 188.33 (CHO), 164.81 (C-
2°)*, 164.71 (C-2)*, 152.63 (C-4), 151.24 (C-3), 145.59, 140.27, 133.71, 133.10, 129.24,
128.87, 128.78 (2C), 124.16, 118.12, 108.51 (C-5), 95.00 (C-6), 58.39, 53.34, 24.49 (C-7).
FT-IR (ATR): 3167, 2981, 2808, 1702, 1615, 1524, 1428, 1399, 1177, 786, 551, 528 cm’!.
HRMS (ESI): m/z [M+H]" -caled CyHCIN3O4: 450.1215; found: 450.1206.

*interchangeable.

Zwitterion 24: Yellow solid. Yield: 52%. m.p = 299 — 300 °C 'H NMR (400 MHz, DMSO):
0 10.40 (s, 1H, N-H), 10.23 (s, 1H, N-H), 9.26 (s, 1H, CHO), 8.03 (s, 1H, olefin), 7.54 (dd,
2H, J=8.0, 1.6 Hz, Ar-H), 7.34 (m, 2H, J = 5.6, 3.2 Hz, Ar-H), 7.30 (s, 2H, Ar-H), 7.06 (d,
1H, J = 8.8 Hz, Ar-H), 6.88 (dd, 1H, J = 8.8, 2.4 Hz, Ar-H), 5.28 (s, 2H, CH,), 3.76 (s, 3H,
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OMe), 1.41 (s, 6H, CH3). 3C NMR (100 MHz, DMSO): ¢ 192.95 (C-1), 188,73, (GHO).5. s
164.88 (C-2)*, 164.68 (C-2)*, 160.33, 152.82 (C-4), 151.33 (C-3), 145.70, 134.69, 133.33,
129.19 (2C), 128.79, 117.65, 114.17, 109.48, 108.91 (C-5), 94.42 (C-6), 58.02, 56.44, 53.40,
24.51 (C-7). FT-IR (ATR):, 2982, 2820, 1701, 1644, 1621, 1525, 1422, 1395, 1176, 1053,

786, 546, 523 cm'l. HRMS (ESI): m/z [M+H]" calecd CpsHxyN;Os: 446.1712; found:
446.1692. *interchangeable.

Zwitterion 25: Orange solid. Yield: 76%. m.p =216 — 218 °C. '"H NMR (400 MHz, DMSO):
0 10.40 (s, 1H, N-H), 10.15 (s, 1H, N-H), 9.33 (s, 1H, CHO), 8.27 (d, 1H, J = 8.4 Hz, Ar-H),
8.12 (s, 1H, olefin), 8.07 (d, 1H, J = 8.0 Hz, Ar-H), 7.99 (d, 1H, J = 8.8 Hz, Ar-H), 7.71 (td,
1H,J=7.2,1.2 Hz, Ar-H), 7.65 (td, 1H, J= 8.8, 1.2 Hz, Ar-H), 7.56 (dd, 2H, J = 8.0, 1.6 Hz,
Ar-H), 7.40 (d, 1H, J= 8.8 Hz, Ar-H), 7.34 (m, 3H, J= 7.2, 2.8 Hz, Ar-H), 5.47 (s, 2H, CH,),
1.68 (s, 6H, CH3). 13C NMR (100 MHz, DMSO): ¢ 196.16 (C-1), 188.93 (CHO), 164.88 (C-
2°)*, 164.74 (C-2)*, 153.05 (C-4), 151.28 (C-3), 138.95, 138.74, 133.43, 133.03, 130.26,
130.16, 129.23 (2C), 128.77, 128.63, 127.97, 127.49, 123.96, 114.70, 108.48 (C-5), 94.38 (C-
6), 59.76, 53.49, 24.32 (C-7). FT-IR (ATR): 2990, 2813, 1713, 1663, 1602, 1516, 1422,
1385, 1176, 778, 535 cm™'. HRMS (ESI): m/z [M+H]" caled C,3H,4N304: 466.1761; found:
466.1773. *interchangeable.
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Graphical abstraet

The intermolecular hydrogen bonding of barbiturates assists in the supramolecular

aggregation and show a hypsochromic shift in protic solvents.
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